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SUMMARY /- 
/s- B B Y  

T h i s  r e p o r t  p resents  r e s u l t s  o f  an exper lmenta l  i n v e s t i g a t i o n  o f  

superson ic  base f I ow processes under tu rbu  I ent  wake f I ow condi  t ions. 

The measurements were made i n  the near-wake r e g i o n  o f  a two-dimensional 

model a t  a f r e e  stream Mach number o f  3. 

Local  heat  f l u x e s  and pressures were measured on the  base o f  the  

model f o r  v a r i o u s  c o o l i n g  r a t e s  over  the  t r a n s i t i o n a l  t o  f u l l y  t u r b u l e n t  

f l o w  regimes. I t  was observed t h a t  base temperature had a smal l ,  bu t  

measurable i n f l u e n c e  on heat  t r a n s f e r  c o e f f i c i e n t  and mean base pressure. 

For  t u r b u l e n t  f l o w  w i t h  the  base a t  recove ry  temperature, p r o f i l e s  o f  

impact p ressure ,  s t a t i c  pressure, and t o t a l  temperature were ob ta ined  

i n  the  shear layers ,  and impact p ressure  and c e n t e r l i n e  s t a t i c  p ressure  

da ta  were measured i n  the r e c i r c u l a t i o n  zone. 

D e f i n i t e  i n d i c a t i o n s  o f  reverse  f l o w  were found i n  the  r e c i r c u i a -  

t i o n  zone, and reve rse - f l ow  Mach numbers as  l a r g e  as 0.6 were observed. 

A l though the  o v e r a l l  na ture  o f  the  f l o w  was found t o  be steady, r e g i o n s  

o f  f l u c t u a t i n g  f i o w  were found, and the  t o t a l  f l o w  p a t t e r n  proved t o  be 

more compl ica ted  than o r i g i n a l l y  expected. 

The e x i s t e n c e  o f  a t h i n  "boundary l a y e r  - I i k e  f i Im" on the  base o f  

t he  model was proven by temperature p r o f i l e s  measured normal t o  the  base 

a t  base-to-tunnel, t o ta l - t empera tu re  r a t i o s  o f  0.950, 0.716, 0.487, and 

0.340 under t u r b u l e n t  shear layer  c o n d i t i o n s .  Heat t r a n s f e r  da ta  

c a l c u l a t e d  u s i n g  these p r o f i l e s  and the  F o u r i e r  heat  conduct ion  equa- 

t l o n  agree w i t h  the  d i r e c t l y  measured w a l l  values. 

Ne t ing  the  s i m i l a r i t i e s  between base f l o w  and o r d i n a r y  s t a g n a t i o n  

p o i n t  blow, base h e a t i n g  r a t e s  were c a l c u l a t e d  u s i n g  incompress ib le  

s t a g n a t i o n  p o i n t  theory. The v e l o c i t y  g r a d i e n t  was eva lua ted  bo th  

f rom the  v e r t i c a l  base pressure d i s t r i b u t i o n  and the  c e n t e r l i n e  s t a t i c  

p ressure  data. The heat  f l u x e s  so ob ta ined  were i n  good agreement w i t h  

the  measured va I ues. 

... 
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T o t a l  temperature measurements made i n  the  r e c i r c u l a t i o n  zone w i t h  

w a l l  c o o l i n g  showed t h a t  a l though the  r e g i o n  c l o s e s t  t o  the base senses 

the  drop i n  temperature, the major  p o r t i o n  tends t o  ignore  i t  and 

remains near i t s  recovery  value, which i s  c l o s e  t o  the  f r e e  s t ream t o t a l  

temperature. These f i n d i n g s  i n d i c a t e  t h a t  the largest b a r r i e r  t o  heat  

f l o w  i n t o  t h e  base i s  the enve lop ing  base boundary layer ,  w i t h  o n l y  

smal l  r e s i s t a n c e s  encountered a t  the shear l a y e r  and i n  the r e c i r c u l a -  

t i o n  zone. Although a l a r g e  c a p a c i t y  e x i s t s  f o r  c a r r y i n g  heat  i n t o  

the  base area, on ly  a smal l  p o r t i o n  can p e n e t r a t e  the  base boundary 

layer .  T h i s  e x p l a i n s  the  d iscrepancy between measured heat  f l u x e s  and 

those p r e d i c t e d  by e x i s t i n g  theor ies .  

A survey o f  a v a i l a b l e  base f l o w  l i t e r a t u r e  was completed and a 

c r i t i c a l  s tudy  of K o r s t ' s  m i x i n g  l a y e r  a n a l y s i s  was c a r r i e d  out.  

K o r s t ' s  theory  p rov ides  a r e l i a b l e  p r e d i c t i o n  o f  base pressure  va lues  

and h i s  heat  t r a n s f e r  a n a l y s i s  i s  v a l i d  i f  t h e  r e l a t i o n  between base 

temperature and r e c i r c u l a t i o n  zone temperature i s  considered. * 
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1 e INTRODUCTION 

The Rosemount Aeronaut ica l  L a b o r a t o r i e s  o f  the U n i v e r s i t y  o f  

Minnesota have r e c e n t l y  completed an exper imenta l  i n v e s t i g a t i o n  o f  

supersonic  base f l o w  processes under t u r b u l e n t  f l o w  c o n d i t i o n s .  The 

p r i m a r y  purpose o f  the  i n v e s t i g a t i o n  was t o  o b t a i n  an unders tand ing  

o f  the  fundamental processes o f  convec t ive  base heat  t r a n s f e r  i n  

supersonic  f l ow ,  lead ing  t o  development o f  methods f o r  p r e d i c t i n g  

base heaPing under f l i g h t  cond i t ions .  
&/:?. f\ \ 

Flow processes i n  the near-wake, o r  r e c i r c u l a t i o n  zone as i t  i s  

sometimes cat led, dominate the  thermal and ' f l u i d  mechanical env i ron-  

ment o f  the base. Considerable exper imental  and a n a l y t i c a l  e f f o r t  has 

been expended t o  o b t a i n  a b e t t e r  unders tand ing  o f  t h e  f l u i d  mechanics 

o f  f l o w  around bases. These e a r l y  i n v e s t i g a t i o n s  were i n i t i a t e d  

because o f  the l a r g e  drag c rea ted  by u n d e r p r e s s u r i z a t i o n  i n  t h e  base 

r e g i o n s  o f  m i s s i l e s  and a i r c r a f t .  Base h e a t i n g  o f  b a l l i s t i c  m i s s i l e s  

has been r e s p o n s i b l e  f o r  the recent  i n t e r e s t  shown i n  t h i s  type o f  

f l o w .  D u r i n g  the  h i g h  Mnch number p n r t i o n  o f  m i s s i l e  t r a j e c t o r i e s ,  base 

aerodynamic h e a t i n g  can become ser ious,  and a t  lower a l t i t u d e s ,  the  

r e c i r c u l a t i o n  o f  h o t  exhaust gases i n  the  base r e g i o n  c r e a t e s  a severe 

h e a t i n g  problem. Since no method e x i s t s  f o r  r e l i a b l e  p r e d i c t i o n  o f  

these h e a t i n g  e f f e c t s ,  thetendency has been t o  o v e r p r o t e c t ,  w i t h  

r e s u l t i n g  increases i n  v e h i c l e  weight and corresponding decreases i n  

range and performance. L 

I t  i s  hoped t h a t  these f i n d i n g s  w i l l  c o n t r i b u t e  t o  a b e t t e r  

unders tand ing  o f  the base f l o w  process and w i l l  h e l p  those-who a r e  

t r y i n g  t o  overcome the base h e a t i n g  problem. 
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2. THEORETICAL BACKGROUND 

2.1 Formulat!on o f  Flow Model 

Flaw i n  

a fo rmidab le  

s e t  o f  equat 

exper imenta l  

tunnel .  Af 

the  base r e g i o n  o f  a m i s s l e  w i t h  an exhaust ing  j e t  p r e s e n t s  

problem, bo th  t o  the  t h e o r e t i c i a n ,  who wants t o  d e r i v e  a 

ons d e s c r i b i n g  t h e  f l o w  processes invo lved,  and t o  the  

s t ,  who wants t o  s i m u l a t e  those c o n d i t i o n s  i n  the  w ind  

he present time, a f l o w  model and accompanying theory  wh ch 

a c c u r a t e l y  descr ibe the f l o w  p i c t u r e  and r e l i a b l y  p r e d i c t  bo th  base 

pressures and h e a i i n g  r a t e s  have not  been obtained. 

Us ing  a ph i !osophy o f  s t a r t i n g  s imp ly  and advancing l a t e r  t o  

complex c o n f i g u r a t i o n s  more c l o s e l y  r e l a t e d  t o  f l i g h t  c o n d i t i o n s ,  i t  

was f e l t  t h a t  a simple, two-dimensional model, w i t h  a f l u s h  base would 

p r o v i d e  a good v e h i c l e  t o  e s t a b l i s h  a base f l o w  environment amenable 

t o  t h e o r e t i c a l  a n a ! y s i s  and experiment. As t u r b u l e n t  f l o w  i s  u s u a l l y  

encountered dur ing  p o r t i o n s  o f  the v e h i c l e  t r a j e c t o r y  o f  i n t e r e s t ,  

s i m i l a r  candib lons were d e s i r e d  i n  our  experiments. A Mach number o f  

3 was chosen because even a t  hyperson ic  speeds, b l u n t  v e h i c l e s  o f  

moderate l e n g t h  have shoulder  Mach numbers near t h i s  value. 

Due t o  the complex i ty  o f  the problem, i t  may be h e l p f u l  t o  d i v i d e  

the  assumed f l o w  model i n t o  smal le r  sub-regions. Ttie reader  i s  r e f e r r e d  

t o  F i g u r e  I which d i s p l a y s  the zones o f  I n t e r e s t .  We s h a l l  cons ider  

o n l y  a two-dimensional, compressible,  near-wake, r e g i o n  behind a s l e n d e r  

body immersed I n  a modera te ly  supersonic  f l o w  ( 1 4 M 4 3 1 .  The f o l l o w i n g  

zones o f  i n t e r e s t  w e  presented: 

I .  The initial f r e e  stream extends f rom t h e  o u t e r  edge o f  the  

l e a d i n g  boundary l a y e r  outwards, presumably t e r m i n a t i n g  a t  a 

shock wave 

2. The i n i t i a l  upstream boundary layer .  The l o c a l  Reynolds 

number ! s  taken l a r g e  enough such t h a t  o n l y  t u r b u l e n t  boundary 

l a y e r s  need be considered. Ext remely low d e n s i t y  and i n t e r -  

mediate laminar range boundary l a y e r s  a r e  omi t ted.  

2 



3. The expansion zone. The sub-region where in the  t u r b u l e n t  

botrndary l a y e r  i n t e r a c t s  w i t h  the i r r o t a t i o n a l  Prandt l -Meyer f low. 

4. The near-wake f r e e  stream. T h i s  r e g i o n  l i e s  downstream o f  t h e  

I n v i s c i d  p o r t i o n s  o f  Regions 1 and 3. 

5. Region 5a i n c l u d e s  the  expanded boundary l a y e r  above the l i p  

- shock. Experiments indicate t h a t  t h i s  r e g i o n  1s formed o f  

the  o u t e r  p o r t i o n s  o f  the upstream boundary l a y e r  and the  

v e i o c ; i y  g f u d i e n t s  are g r e e t i y  d;rn in jd ied as  the eicpanslon 

zone i s  br idged. A n e a r l y  u n i f o r m  f l o w  r e s u l t s .  

5b. Region 5b i n v o l v e s  the  expanded lower p o r t i o n s  o f  the upstream 

boundary layer .  The upper boundary o f  Region 5b i s  the  l i p  

shock which i s  g e n e r a l l y  accepted t o  r e s u l t  f rom the  expansion 

process. 

6. Region 6 inc ludes  t h e  p o r t i o n  o f  the  m i x i n g  l a y e r  which f a l l s  

above the d i v i d i n g  s t r e a m 1  ine. The boundary between Regions 

5b and 6 d e f i e s  exact  s p e c i f i c a t i o n  due t o  the tu rbu lence 

present  end tc? t h e  asymptot ic  n a t s r e  o f  the m i x i n g  layer .  The 

lower boundary, the d i v i d l n g  s t reaml ine ,  f a l l s  c l o s e  t o  the  

i n f l e c t i o n  p o i n t  o f  the m i x i n g  l a y e r  v e l o c i t y  p r o f i l e .  

7a. Region 7a i n v o l v e s  the  lower p o r t i o n  o f  the  m!xinq l a y e r  below 

the d i v i d i n g  s t reaml ine,  and, f o r  convenience, above the  zero  

v e l o c i t y  l i n e .  Th'e f low I n  t h i s  r e g i o n  i s  r e c i r c u l a t e d  when 

the  wake i s  closed. 

7b. T h i s  r e g i o n  i s  o f t e n  r e f e r r e d  t o  as the  ndead-zonew, d e s p i t e  

exper 

menta 

ve I O C  

when 

mental evidences r e p o r t e d  h e r e i n  and r e c u r r e n t  e x p e r i -  

r e p o r t i n g s  o f  the e x i s t e n c e  o f  l a r g e  r e v e r s e  f l o w  

P ies  o f  the order  o f  0-0.6 i n  Mach number. Regions7ad7b, 

umped together ,  w i l l  be c a l l e d  the w r e c i r c u l a t i o n  zone". 

8a. Region 88 may be a boundary o r  a zone. The exper imenta l  evidence 

o f  t h i s  r e p o r t  suppor ts  the e x i s t e n c e  o f  a t h i n  "boundary layern  

l i k e  f i l m  f l o w i n g  over  the  rearward  v e r t i c a l  s u r f a c e  o f  t h e  body. 
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8b. 

9. 

IO. 

1 1 .  

Region 8b i n v o l v e s  t h e  s t a g n a t i o n  r e g i o n  o f  the  w a l l  boundary 

l a y e r  mentioned above. I t  a l s o  inc ludes  any " r o I l e r - b e a r i n g s q  

v o r t i c e s  which may occur i n  the  corner  reg ion .  

Region 9 

case of  a 

t h e  f i r s t  

g rad ien t  

t i o n  velo 

Region IO 

ncludes e i t h e r  a. the  h o r i z o n t a l  s o l i d  s u r f a c e  ( i n  the 

rearward f a c i n g  s t e p ) ,  o r  b. a p l a n e  o f  symmetry. In 
case the v e l o c i t y  i s  zero on the  w a l l  w h i l e  the  v e l o c i t y  

s f i n i t e .  In the  second case t h e  c e n t e r l i n e  r e c i r c u l a -  

i t y  i s  f i n i t e  w h i l e  the  v e l o c i t y  g r a d i e n t  i s  zero. 

i s  l o o s e l y  c l a s s i f i e d  as the recompression reg ion .  

I t s  boundaries a r e  incapable o f  d e s c r i p t l o n  s i n c e  the  r e g i o n  

encompasses the a f t  p o r t i o n s  o f  Regions 5a-9 and the t r a i l i n g  

shock. 

Region II i s  another  mixed f l o w  reg ion ,  no t  t o  be considered 

here,  which i s  cat l e d  "far-wake". 

The b r i e f  d e s c r i p t i o n  o f  the  zones o f  i n t e r e s t  demonstrates 

t h a t  we a r e  n o t  d e a l i n g  w i t h  a s i n g l e ,  basic,  f l u i d  mechanics problem. 

Each zone invo lves  compl icated processes, not  i n  themselves f u l l y  under- 

stood, much l e s s  t h e i r  i n t e r a c t i o n s .  The ph i losophy o f  t h i s  d i s c u s s i o n  

i s  t o  p resent  a few o f  the  a v a i l a b l e  t h e o r e t i c a l  analyses and e x p e r i -  

mental r e s u l t s  which h o p e f u l l y  app ly  t o  t h e  i n d i v i d u a l  zones and t o  

suggest methods whereby these techniques may be syn thes ized t o  p r o v i d e  

t h e  " t o t a l - p i c t u r e " .  Of course, such a m b u l l d i n g  b l o c k  conceptn 

n e c e s s a r i l y  r e q u i r e s  a hos t  o f  s i m p l i f y i n g  assumptions. T h i s  c o n d i t i o n  

t y p i f l e s  the  present  s t a t e  o f  the knowledge o f  near-wake f l o w  - the  

simple,  r e l a t i v e l y  inaccura te  s o l u t i o n  p r e v a i l i n g  over  the cumbersome, 

numerical  step-by-step computation. 

The near-wake problem i s  n o t  a s e p a r a t i o n  process i n  t h e  

accepted terminology. The s e p a r a t i o n  process depends upon the  i n t e r a c t i o n  

o f  the  pressure  d i s t r i b u t i o n  w i t h  t h e  low speed p o r t i o n s  o f  the  upstream 

boundary l a y e r  and i s  r e l a t i v e l y  Independent o f  the f r e e  stream c o n d i t i o n s .  

4 
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Bloom ( 1 )  descr ibes  the c l a s s  of separated f lows d e s c r i b a b l e  i n  

terms o f  the boundary l a y e r  approx imat ions as modera te ly  separated 

v i s c o u s  f l o w s  - w i t h  n e g l i g i b l e  pressure v a r i a t i o n s  normal t o  the 

sur face.  For shock o r  step-induced t u r b u l e n t  s e p a r a t i o n  w i t h  

smal l  p ressure  grad ien ts ,  such methods a r e  s a t i s f a c t o r y  f o r  engineer-  

i n g  r e l a t i o n s  bu t  the f o r m u l a t i o n  f a i l s  f o r  the more d l f f i c u l t  case 

o f  l a r g e  pressure  d i f f e r e n c e s  because o f  the  inadequacy o f  the  

t u r b u l e n t  m i x i n g  hypothes is  under these c o n d i t i o n s .  

2.2 The P r o d u c t i o n  o f  the Heat F l u x  I n t o  the  Base Region o f  a 

Supersonic V e h i c l e  

2.2. I General 

Preceding and concur ren t  w i t h  the exper iments,  a survey o f  the  

u n c l a s s i f i e d  l i t e r a t u r e  p e r t a i n l n g  t o  separated f l o w s  was c a r r i e d  out. 

The s tudy  o f  t h i s  type o f  f l o w  i s  growing a t  an i n c r e a s i n g  r-afe LUecsc;se 

o f  the  widespread i n t e r e s t  shown by those encounter ing  t h i s  phenomenon 

i n  i n v e s t i g a t i o n s  o f  base heat ing,  hyperson ic  c o n t r o l  and s t a b i l i t y ,  

aerodynamic no ise  generat ion,  and such longs tand ing  problems as 

a i r f o i l  performance and i n t e r n a l  aerodynamics o f  channels  and ducts. 

Rosenhead (21  has presented a c r i t i c a l  summary o f  knowledge and 

ignorance, both t h e o r e t i c a l  and exper imenta l ,  o f  the  c l a s s i c a l  

phenomena o f  v o r t e x  systems i n  wakes. Krzywoblock i  (31 has g i v e n  an 

e x t e n s i v e  r e v i e w  o f  the  l i t e r a t u r e  on j e t s  which d e a l s  w i t h  t h e  

fundamentals and mathematical  theory o f  f r e e  boundary f l o w  i n  je ts ;  

w i t h  the d i s t r i b u t i o n  o f  v e l o c i t y ,  dens i ty ,  p ressure  and temperature 

i n  laminar j e t s  and the t r a n s p o r t  o f  mass momentum and energy i n  

t u r b u l e n t  j e t s .  

Subsonic Versus Supersonic Wekes 

A t  low subsonic Reynolds numbers a v o r t e x  i s  formed i n  the  wakes 

behJnd obstac les.  The p r i m a r y  Karman v o r t e x  s t r e e t s  a r e  no t  s t a b l e  ( 4 ) .  

*Numbers i n  parentheses i n d i c a t e  re fe rences .  



They become deformed as the  d i s t a n c e  behind the o b s t a c l e  increases and 

f i n a l l y  break down, T h e r e a f t e r  the wake rear ranges i t s e l f  i n t o  a 

secondary v o r t e x  street much l a r g e r  t h a t  the p r i m a r y  one and the process 

cont inues.  A msdel commonly used fs r  the  determinat !sn o f  incompress ib le  

v iscous  f l o w  i n  l a r g e  Reynolds numbers about a b l u f f  body p laced i n  a 

u n i f o r m  stream i s  the He lmho l tz -K i rchhof f  f r e e  s t r e a m l i n e  model o r  the  

m o d i f i e d  K i r c h h o f f  model o f  Roshko, The e s s 3 n t i a l  f e a t u r e s  a r e  t h a t  

the f l u i d  v e l o c i t y  be zero everywhere i n s i d e  the wake bubble ( 5 ) .  

Ryan ( 6 )  measured q u i t e  ION r e c o v e r y  f a c t o r s  behind b l u n t  bod ies  - 
a phenomenon which has been descr ibed by Ackere t ' s  non-steady p o t e n t i a l  

v o r t e x  t h e o r y  (71, Thsmann 181 a l s o  found t h a t  the r e c o v e r y  f a c t o r  was 

g r e a t l y  in f luenced by the  v o r t e x  sheet i n  subsonic  f l o w .  The suppress io r  

o f  t h e  v o r t e x  sheet has been accomplished by a s p l i t t e r  p l a t e  which 

increases the recovery l a c t o r  from 0,1-0.2 t o  0.8-0.9, A t  t r a n s o n i c  

and supersonic  speeds where the v o r t e x  sheet disappears,  the  measured 

r e c o v e r y  f a c t o r s  a r e  aga in  0.0-0.9. Shadowgraph observa t ions  o f  the  

supersonic  case i n d i c a t e  t h a t  t h e r e  i s  no ev idence o f  l a r g e  s c a l e  v o r t e x  

format ion.  The expanslon-shock process seems t o  s t a b i l i z e  the f l o w  

p a t t e r n ,  accord ing t o  the  laws o f  fo rb idden s i g n a l s .  

S ince subsonic and supersonic  near-wake Flows appear t o  possess 

q u i t e  d i f f e r e n t  f l o w  c h a r a c t e r i s t l c s ,  extreme c a u t i o n  must be observed 

i n  e x t r a p o l a t i n g  subsonic exper lmental  data I n t o  t h e  supersonic  range. 

The Near-Wake Region Versus Gaps and Steps 

The step-gap process i s  a comb!nat!sn o f  sepaPat?on and mix ing.  

F r e q u e n t l y  there  a r e  h i g h  narmel g r a d i e n t s  near t h e  face o f  s t e p  and a 

v o r t e x  o f  cons iderab le  s t r e n g t h  i n  t h i s  reg ion .  Gaps a r e  n o t o r i o u s  

sound genera tors  19-12). I n  (131 c a v i t y  resonance was accompanied by a 

l a r g e  decrease i n  t r a n s i t i o n  Reynolds number a t  the lower t e s t  Mach 

numbers. I f  the gap i s  o f  s u f f ! c i e n t  l e n g t h  t r a n s i t  ons f o r  which the  

f l o w  changes f r o m  t h e  type o f  one t o  the  type of  two dead a i r  r e g i o n s  

compl ica tes  t h e  process 1141, A lso  the  c r i t l e a l  cav t y  depth comes i n t o  
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p l a y ,  i.e., the depth beyond which the depth increases has no e f f e c t  

on pressure  d i s t r i b u t i o n  i n  the c a v i t y .  

The type o f  f l o w  reattachment i s  a dominant f a c t o r  i n  the f l o w  

p a t t e r n s .  Gaps and s teps  permi t  f low reat tachment  t o  occur on the  body. 

The recompression process i s  s e n s i t i v e  t o  body geometry i n  the recom- 

p r e s s i o n  reg ion .  Therefore,  i t  i s  d i f f i c u l t  t o  compare exper imenta l  

r e s u l t s  taken on bodies o f  vary ing  geometries. 

I n  ( 1 5 )  Chung and Viegas present  a boundary l a y e r  type of 

heat  t r a n s f e r  a n a l y s i s  which cons iders  laminar  s e p a r a t i o n  heat  

t r a n s f e r  a t  reat tachment.  T h i s  i s  another  example o f  the f o r m u l a t i o n  

o f  a boundary l a y e r  under v o r t i c a l  mot ion  b e a r i n g  a c e r t a i n  resemblance 

t o  the  base boundary l a y e r  found i n  the  present  exper iments bu t  d i f f e r -  

i n g  due t o  the r e l a t i v e l y  l a r g e  recompression pressure  gradients .  

I n  the  near-wake case, recompression does no t  occur  on The bociy. 

A f l o w  r e a t t a c h e s  t o  i t s  Image f l o w  downstream o f  the body. S ince  the 

body i s  no t  i n  c l o s e  p r o x i m i t y  to  the recompression r e g i o n  and I t s  

assoc ia ted  h i g h  pressure  and heat f l u x e s ,  the  i n f l u e n c e  o f  the  recom- 

p r e s s i o n  process on the  body heat t r a n s f e r  c h a r a c t e r i s t i c s  i s  n o t  

d i r e c t ,  bu t  secondary through the mean base pressure.  

2.2.2 D iscuss ion  o f  Zones o f  I n t e r e s t  

The 1 n l t ; a l  Free Stream and Body 

I n  the  absence o f  upstream pro tuberances  such as wings and 

f i n s ,  the i n i t i a l  f r e e  stream c o n d i t i o n  w i l l  be a near ly -cons tan t -  

pressure,  c o n s t a n t - v e l o c i t y ,  flow. F e r r i  (16)  has made c a l c u l a t i o n s  

on the i n v i s c i d  e f f e c t s  o f  the en t ropy  l a y e r  caused by body b l u n t n e s s  

on base pressure  and heat  t r a n s f e r .  He concluded t h a t  a t  h i g h  Mach 

numbers the pressure  on the  r e a r  p a r t  o f  the b l u n t  body 1s h i g h e r  than 

f r e e  stream and the  heat t r a n s f e r  on the a f t e r b o d y  can be impor tant .  

He found t h a t  heat  t r a n s f e r  data o b t a i n e d  a t  low Mach numbers cannot 

be e x t r a p o l a t e d  d i r e c t l y  t o  h i g h  Mach numbers s i n c e  r e l a t i v e  l e v e l s  o f  

h e a t  f l u x  on the  f r o n t  p a r t  and r e a r  p o r t i o n s  o f  the body change 

r a p i d l y  w i t h  Mach number. Bogdonoff ( 1 7 )  has observed these phenomena 
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which d i f f e r  wi th the  Iow-Mach number, f l o w  p i c t u r e  o f  F i g u r e  1 .  He 

c a u t i o n s  t h a t  a t  h i g h  Mach numbers,once the wake i s  c l o s e d  o r  has a 

minimum sect ion,  the assumption t h a t  downstream d is tu rbances  have no 

e f f e c t ,  cannot be used. The s e n s i t i v i t y  o f  the wake d is tu rbance c a s t s  

doubt on the  comparisons o f  base pressure  measurements taken a t  

hypersonic  speeds. 

The I n i t i a l  Boundary Layer  

When t h e  boundary l a y e r  on the body sur face  i s  t u r b u l e n t  the f r e e  

shear l a y e r  i s  a l s o  t u r b u l e n t ;  however, i f  the  boundary l a y e r  i s  laminar  

the laminar  f ree-shear- layer  shows an increased s t a b i l i t y  a t  supersonic  

speeds. ' The upstream boundary l a y e r  can i n f l u e n c e  the near-wake f l o w  

mddel. The l o w  base pressure  presumably propagates upstream i n  a manner 

which i s  the  inverse o f  a boundary-layer-shock-interaction. The boundary 

l a y e r  p r o f i l e s  ( l a m i n a r  o r  t u r b u l e n t )  must be inc luded,  as i n T t i a l  

c o n d i t i o n s  i n  a complete a n a l y s i s  o f  the  near-wake problem. For  example, 

i n  the Crocco-Lees a n a l y s i s  (191, the  i n i t i a l  boundary l a y e r  t h i c k n e s s  

i s  a fundamental v a r i a b l e  s i n c e  i t  i s  a boundary c o n d i t i o n  f o r  the i n t e -  

g r a t i o n  o f  t h e i r  d i f f e r e n t i a l  equat ion  which governs the base pressure.  

Clauser  ( 2 0 )  suggested a p o s s i b l e  r e l a t i o n  o f  the  known laminar  

boundary l a y e r  s o l u t i o n s  t o  the  o u t e r  r e g i o n  o f  t u r b u l e n t  boundary layers .  

Sandborn (211 presented a general  e m p i r i c a l  r e l a t i o n  f o r  the  mean v e l o c i t y  

d i s t r i b u t i o n  of bo th  the  laminar and t u r b u l e n t  boundary layers.  Coles 

( 2 2 )  suggested t h a t  the development o f  the  a t tached t u r b u l e n t  boundary 

l a y e r  i s  u l t i m a t e l y  i n t e r p r e t e d  i n  terms o f  an e q u i v a l e n t  wake p r o f i l e  

which i s  m o d i f i e d  by :he presence o f  a w a l l ,  i.e., t h e  streamwise mean 

v e l o c i t y  d i s t r i b u t i o n  i n  a t u r b u l e n t  boundary l a y e r  can be expressed 

as a l i n e a r  combinat ion o f  w a l l  and wake components. There i s  

s i m i l a r i t y  between t h i s  ph i losophy and t h a t  o f  Crocco and Lees who 

at tempted a q u a l i t a t i v e  a n a l y s i s  o f  t u r b u l e n t  shear f l o w s  i n  which they 

v i s u a l i z e  a cont inuous spectrum o f  m i x i n g  processes hav ing  bo th  the  wake- 

a y e r - l i k e  p r o p e r t i e s .  1 i ke and boundary- 

The 1 ami nar- 1 

boundary l a y e r  and 

ke c h a r a c t e r i s t i c s  o f  b o t h  the upstream t u r b u l e n t  

t h e  f o l l o w i n g  t u r b u l e n t  shear l a y e r  suggest t h a t  

8 



1 
i 

I 
I 
1 
1 

a genera l i zed  t reatment  o f  the  c o u p l i n g  o f  these two f l o w s  may 

be poss ib le .  

Holder and Gadd (18)  presented a p h y s i c a l  argument t h a t  the 

i n i t i a l  boundary l a y e r  th ickness  i s  no t  an impor tant  f a c t o r  i n  s e t t i n g  

the  base pressure.  T h e i r  argument, which i s  based on an i n v i s c i d  

f l u i d  a n a l y s i s ,  y i e l d s  the  r e s u l t  t h a t  the  v e l o c i t y  g r a d i e n t  normal 

t o  the  stream d i r e c t i o n  i s  reduced upon pass ing  through a sudden 

expanrlon !n the r a t i o  of  downstream pressure  t o  the  upstream 

pressure.  The expansion acce le ra tes  the boundary l a y e r  so t h a t  

j u s t  downstream o f  t h e  corner  the l a r g e  shear p o r t i o n s  o f  the  

m i x i n g  l a y e r  a r e  c o n s i d e r a b l y  th inner  than the  o r i g i n a l  boundary 

I ayer.  

The exper imenta l  i n f o r m a t i o n  concern ing the  e f f e c t s  o f  the 

i n i t i a l  boundary l a v e r  on t h e  wake f l o w  process covers  a spectrum. 

I n  the  upper l i m i t  t h e  boundary l a y e r  dominates the wake f l o w s  i n  

t h e  exper iments o f  (23)  and (24) .  I n  the  o t h e r  c l a s s  (671, the  i n l -  

t i a l  boundary l a y e r  i s  s u f f i c i e n t l y  smal l  such t h a t  the shear l a y e r  

dominates the near-wake processes. Most exper iments f a l l  some- 

where i n  between, i.e., the  i n i t i a l  boundary l a y e r  measurably 

a f f e c t s  exper imenta l  f i n d i n g s  and must be i n c l u d e d  i n  any r e a l i s t j c  

a n a l y s i s  o f  r e s u l t s .  

The Expansion Zone 

The supersonic  expansion causes the f l o w  t o  acce le ra te ,  

r e s u l t i n g  i n  a lower s t a t i c  pressure. I n  t h e  absence o f  the  upstream 

bogndary l a y e r ,  the  f i n a l  f l o w  f i e l d  i s  t h a t  r e s u l t i n g  f rom a P r a n t l -  

Meyer expansion. 

The exact  c a l c u l a t i o n  o f  the  expansion phenomenon I s  d i f f i c u l t  

t o  handle because the  pressure  distribution assumes a cons tan t  s t a t i c  

p ressure  normal t o  t h e  s u r f a c e  w h i l e  a Prandt l -Meyer expansion 

exper iences pressures  which are cons tan t  along r a y s  f rom the apex. 

The two a n a l y t i c a l  models a r e  not compat ib le.  I t  1s undoubtedly  

necessary t o  i n c l u d e  the  nex t  h igher  o r d e r  terms i n  the  Navier-Stokes 

9 



equations. The unknowns in the expansion region are the radial and 
tangential componenOs of velocity and pressure. The three available 
equations are the conservation of both radlal and tangential momentum 
and the cont inuity 

Pai ( 2 6 )  appl 

Prandtl-Meyer flow 
shown that in pass 

into a non-para1 le 
which predicts a d 
ing an expansion. 
by the stream tube 

eqva t ion. 

ed first-order corrections to the irrotational 
for small vorticity of the initial stream. It was 
ng the corner a parallel shearing flow is turned 

flow. Roy (271 presented an integral analysis 
munftjon o f  the boundary layer thickness follow- 
Korst (281 has suggested an approximate treatment 
method. 

Studying expansions over solid suyfaces, Murphy and Hamitt (251  
0 found that for expansion angles o f  the order of 25 , a new, thin, 

boundary layer seems t o  start at the corner. Downstream of the 

corner the original boundary layer tends to merge with the free 
stream. This model agrees with the expansion process in the near- 

wake region revealed by schlieren photographs taken during the 
present invesfigatlon. Ferri has treated the solid wall expansion 

problem and deals with an inviscid expansion around the corner and 
treats the boundary layer downstream o f  the corner as two layers. 
Zakkay and Tan! (291 performed the analysis and found agreement with 
pressure and heat fransfer experiments. The flow downstream of the 
discontinuity ts  obtained by expandrng both the supersonic and 
subsonic f l o t v  field inv!scidly around the corner. Downstream of the 
discontinutby the flow is represented by a viscous shear layer which 
starts at the drsconfinuity and a vfscous outer layer which has the 
inviscid profiles immediately downstream o f  the discontinuiPy as an 
initial csnd;tlon. The velocity and stagnation enthalpy profiles are 
divided into s t r i p s ,  each strip expanded isentropically around the 
corner. This ! s  justified on the ground that the region near the 
wall expands very  rapidly and the distances along the streamline 

direction are very small  and therefore the viscous effects on pressure 
and velocity are negligible, In this way an extended velocity 
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p r o f i l e  i s  ob ta ined hav ing a non-zero va lue  a t  i t s  lower edge. T h i s  

f l o w  model i s  adaptable t o  the near-wake problem. 

The Near-Wake Free Stream 

Since the f l o w  r e g i o n  4 (F igure  I 1  r e s u l t s  f rom an i n v f s c i d  

expansion o f  a u n i f o r m  f l o w  t o  a h i g h e r  Mach number, i t s  p r o p e r t i e s  

shou ld  be r e g u l a r  and o f  no f u r t h e r  concern. The f l o w  r e f l e c t s  the 

i n l t l a l  geometry. E v e n t u a l l y  t h i s  f l o w  e n t e r s  i n t o  the o u t e r  

l a y e r s  o f  the far-wake. 

The Expanded Boundary Layer Above the L i p  Shock 

T h i s  f l o w  i s  t r e a t e d  as having smal l  v o r t i c l t y  r e s u l t i n g  from 

t h e  boundary layer-expansion process. Napo l i tano 130) has i n v e s t i g a t e d  

t h e  t u r b u l e n t  m i x i n g  o f  a non-uniform f r e e  s t ream o f  cons tan t  v o r t i c i t y  

w i t h  a f l u i d  a t  r e s t .  The s o l u t i o n s  a r e  q i v e n  i n  terms o f  the  

v o r t i c i t y  number f i r s t  suggested by L i .  I t  was found t h a t  the e f f e c t s  

o f  e x t e r n a l  v o r t i c i t y  a re  s i z a b l e  f o r  t u r b u l e n t  mix ing.  

The lower boundary o f  t h i s  r e g i o n  occurs a t  t h e  l i p  shock. The 

g e n e r a l l y  accepted e x p l a n a t i o n  f o r  i t  ls as f o l l o w s  (31). D u r i n g  the  

r o t a t i o n a l  expansion process a system o f  waves o f  bo th  f a m i l i e s  i s  

generated. When the Mach number i s  g r e a t e r  than 2, an expansion Is 

r e f l e c t e d  as an expansion i n t o  the lower l a y e r  and a compression wave 

i s  e m i t t e d  i n t o  the upper one. These s h o c k l e t s  coalesce t o  form the  

l i p  shock. T h i s  e x p l a n a t i o n  does no t  seem t o  be c o n s l s t e n t  w i t h  t h e  

present  exper imenta l  data where the  l i p  shock occurs a t  a Mach number 

o f  approx imate ly  3.6. The e f f e c t  o f  the l i p  shock on t h e  shear l a y e r  

development has no t  as y e t  been inc luded i n  the  analyses. Examples 

o f  the l i p  shock a r e  a v a i l a b l e  I n  the p u b l i s h e d  photographs o f  (23) 

(301, and i n  F i g u r e  I o f  t h i s  r e p o r t .  The e x i s t e n c e  o f  t h e  l i p  shock 

tends t o  make the i n t e r p r e t a t l o n  o f  exper imenta l  p r o b i n g  data, which 

a r e  a l r e a d y  compromised by exper imental  imper fec t ions ,  more d i f f i c u l t  

t o  analyze. 

I I  



The Expanded Lower P o r t i o n s  o f  the Upstream Boundary Layer 

Below the l i p  shock t h e r e  i s  a con t inued d i m u n i t i o n  o f  t h e  loca t  

v e l o c i t i e s .  This  makes t h e  d e t e r m i n a t i o n  o f  t h e  o u t e r  edge o f  the shear 

l a y e r  d i f f i c u l t  t o  determine exper imenta l l y .  Since t h e r e  i s  a s l i g h t  

v a r i a t i o n  o f  the %din stream v e l o c i t y * t  a t  the lower edge o f  Region Sb, 

t h i s  boundary i s  t r u l y  a r t i f i c i a l .  

The M i x i n g  Layer Above the  D i v i d i n g  St reaml ine  

I g n o r i n g  the p r e v i o u s l y  descr ibed zones, the t h e o r e t i c i a n s  have 

been q u i t e  a c t i v e  i n  d e s c r i b i n g  t h i s  case. The pressure,  i n  t h e  f i r s t  

approx imat ion,  can be assumed constant .  Exper ience i n d i c a t e s  t h a t  t h e  

w i d t h  o f  the  mix ing  zone increases l i n e a r l y  w i t h  x, i f  x 1s t h e  d i s t a n c e  

from the  p o i n t  where m i x i n g  s t a r t s ,  Liepmann (321 presented a dimensionat 

argument c o n f i r m i n g  t h i s  fea ture .  

Momentum t r a n s f e r  theory  r e q u i r e s  s i m i l a r i t y  between momentum and 

heat t r a n s f e r ,  Exper iments show t h a t  heat  spreads f a s t e r  than momentum 

and t h a t  t h i s  i s  i n  q u a l i t a t i v e  agreement w i t h  the v o r t i c i t y  t r a n s f e r  

theory.  S lnce the t h e o r i e s  o f  f r e c  tu rbu lence l i n k  momentum and thermal 

exchange w i t h  the g r a d i e n t s  o f  v e l o c i t y  and temperature, comparison 

should p r e f e r a b l y  be made w i t h  the  measured grad ien ts .  The measured 

v e l o c i t y  and temperature d i s t r i b u t i o n s  i n  wakes and j e t s  a l l  resemble 

an e r r o r - c u r v e  i n  form, b u t  the r e s u l t s  a r e  t o o  s c a t t e r e d  t o  p e r m i t  t h e  

s lopes  o f  exper imental  curves t o  be determined w i t h  conf idence. The 

spreading f a c t o r  B i s  commonly used i n  such c o r r e l a t i o n s .  

T r i p p  (391 and V a s i l i u  ( 4 0 )  present  d i f f e r e n t  c o r r e l a t i o n s  on the  

v a r l a t i o n  o f  B with temperature r a t i o  and w l t k  Mach number. An inc rease 

i s  noted. The l a r g e r  va lues  o f  (5, t h e  spreading f a c t o r ,  correspond t o  

a smal le r  r a t e  o f  divergence o f  the m l x i n g  zone. A l l  l i s t e d  va lues  of  cr 

are  based on data f o r  j e t s  d i s c h a r g i n g  i n t o  a medlum a t  r e s t  and may 

no t  be a p p l i c a b l e  t o  t h e  present  s i t u a t i o n .  

I t  i s  beyond the scope o f  the present  d i s c u s s i o n  t o  d e s c r i b e  t h e  

v a r i o u s  assumptfons o f  the severa l  t h e o r e t i c a l  analyses. Three genera l  

modes o f  a t t a c k  are a v a i l a b l e :  
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1 .  Crocco-Lees analyses 

2. Pohlhausen i n t e g r a l  techniques 

3. M i x i n g  l a y e r  analyses 

The Crocco-Lees analyses (19)  i s  no t  fundamenta l ly  d i f f e r e n t  f rom 

the Pohlhausen method ( 3 3 ) .  The r e s u l t s  o f  the Crocco-Lees method, 

a l though inge9eraI  q u a l i t a t i v e  agreement w i t h  exper iments,  a r e  p robab ly  

no b e t t e r  than those ob ta ined much more r e a d i l y  by a Pohlhausen type 

o f  c a i c u i a t i o n .  

The m i x i n g  lengths  deduced by comparison w i t h  exper iment a r e  

g r e a t e r  than 10% o f  the  w i d t h  o f  the  wake. T h i s  i s  an i n d i c a t i o n  t t ia t  

i n  t u r b u l e n t  f r e e  l a y e r s  t h e  eddy v i s c o s i t y  depends on o v e r a l l  condi -  

t i o n s  and no t  on such l o c a l  c o n d i t i o n s  as l o c a l  v e l o c i t y  g rad ien ts .  

Eddy v i s c o s i t y  va lues do f a l l  t o  zero not  f a r  f rom the  edge o f  the 

m i x i n g  i e g i o i i  so t he  dcsl imntion of  cons tan t  exchange c o e f f i c i e n t  

leads t o  v e l o c i t y  d i s t r i b u t i o n s  which a r e  i n c o r r e c t  near t h e  edges. 

However, the use o f  a cons tan t  exchange c o e f f i c i e n t  i n  t u r b u l e n t  f l o w  

p e r m i t s  a u n i f i e d  t reatment  o f  the equat ions  f o r  laminar  and t u r b u l e n t  

mix ing .  G o r t i e r  ( 3 4 )  reduced the t u r b u l e n t  incompress ib le  m i x i n g  

equat ions  t o  the  B l a s i u s  problem, which i s  t y p i c a l  o f  incompress ib le  

l a v i n a r  d i s s i p a t i v e  f l o w  f i e l d s  which e x h i b i t  s f m i l a r i t y .  Crane (35)  

and Napo l i tano ( 3 6 )  showed t h a t ,  t o  a good approx imat ion,  the  

t u r b u l e n t ,  compressible,  two-dimensional m i x i n g  p r o f i l e s  can be 

o b t a i n e d  by t a k i n g  v e l o c i t y  p r o f i l e s  

incompress ib le  laminar mix ing.  The t u r b u l e n t  m i x i n g  l a y e r  a n a l y s i s  

o f  (371 i s  o f  s i g n i f i c a n c e ,  I n  h i s  a n a l y s i s ,  two-dimensional 

boundary l a y e r  equat ions  f o r  f ree j e t  m i x i n g  w i t h  an i n i t i a l  boundary 

l a y e r  were reduced t o  the heat  conduct ion equat ion  by means o f  P a i t s  

smal l  p e r t u r b a t i o n  method (381, The equat ions  a r e  so lved i n  an 

i n t r i n s i c  c o o r d i n a t e  system w i t h  the same i n i t i a l  boundary condi -  

t i o n s  as f o r  a r e f e r e n c e  system based on a corresponding j e t .  

as o r i g i n a t e d  by an e q u i v a l e n t  

The 

method requ 

k i n e m a t i c  v 

speed exper 

c o e f f i c i e n t  

r e s  a de terminat ion  o f  two e m p i r i c a l  q u a n t i t i e s  f o r  the 

s c o s i t y  fo rmula t ion .  Chapman and K o r s t  p r e s e n t  low 

ments on t h i s  problem, One q u a n t i t y ,  the exchange 

i s  n e a r l y  constant;  the  o t h e r  i s  a f u n c t i o n  o f  the  
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i n i t i a l  boundary l a y e r .  B a i l e y  and Kuethe (231 demonstrated t h a t  these 
l i n e a r i z e d  theorl-es f o r  j e t  m i x i n g  ( 4 2 )  do n o t  c o r r e l a t e  supersonic  tur- 
b u l e n t  m i x i n g  exper imenta l  r e s u l t s .  The second m i x i n g  c o e f f i c i e n t  shows 

r a d i c a l l y  d i f f e r e n t  behav io r  f o r  supersonic  r a t h e r  than subsonic f lows. 

I n  t h e  two-dimensional case t h e  c o m p r e s s i b i l i t y  e f f e c t  on laminar  

and t u r b u l e n t  f l o w  i s  f o  decrease and increase t h e  w i d t h  o f  the  m i x i n g  
r e g i o n  r e s p e c t i v e l y  (411. For  a x i a l l y  symmetric j e t s ,  the  same h o l d s  
t r u e  f o r  t h e  laminar case whereas f o r  t u r b u l e n t  f l o w  the  tendency i s  
reversed. Crane ( 3 5 )  showed t h a t  w i t h  t u r b u l e n t  rn'ixing the  I n f l u e n c e  

o f  c o m p r e s s i b i l i t y  on t h e  form o f  t h e  non-dimensional v e l o c i t y  p r o f i l e s  
i s  almost n e g l i g i b l e .  The e f f e c t  o f  temperature d i f f e r e n c e s  a r e  shown 
t o  be r a t h e r  unimportant.  The l a t t e r  c a l c u l a t i o n s  suppor t  t h e  use o f  the  
error-functian-velocity-profile, independent o f  Mach number and tempera- 
t u r e  r a t i o ,  as used by K o r s t  (281. 

Knowledge o f  the t u r b u l e n t  P r a n d t l  number i s  necessary b e f o r e  a 
complete c a l c u l a t i o n  o f  the  temperature and v e l o c i t y  p r o f i l e s  may be 
c a r r i e d  out.  The common procedure i s  t o  assume a t u r b u l e n t  P r a n d t l  
number equa l ing  one. F o r s t a l l  and Shapi ro ( 4 3 1  have found t h a t  the  

t u r b u l e n t  Prandt l  number and Schmidt number a r e  b o t h  equal t o  0.7 
w i t h i n  10%-independent o f  the  experiment. Thus they  f i n d  t h a t  t h e  

t u r b u l e n t  Prandt l  number and Schmidt numbers a r e  approx imate ly  equal, 

and t h a t  mass etnd temperature d i f f u s e  a t  equal r a t e s ,  a r a t e  g r e a t e r  

than the d i f f u s i o n  o f  momentum. C o r r s i n  ( 4 4 )  found t h a t  the  average 

o f  an e f f e c t i v e  t u r b u l e n t  P r a n d t l  number i n  a round j e t  i s  equal t o  
t h e  laminar  value w i t h i n  the probab le  accuracy o f  h i s  experiment. 
B a i l e y  and Kuethe (231 i n f e r r e d  the e x i s t e n c e  o f  a t u r b u l e n t  P r a n d t l  
number which i s  l e s s  than u n i t y  frdm supersonic  m i x i n g  o f  j e t s  i n  
t u r b u l e n t  boundary l a y e r s .  That the e f f e c t i v e  t u r b u l e n t  P r a n d t l  

number might  p o s s i b l y  be the  same as t h e  laminar  P r a n d t l  number was 
a p p a r e n t l y  f i r s t  suggested by Dryden (451 ,  though no t  w i t h  any P W t i C U  

1 a r  phys ica  1 j u s t  i f ! c a t  ion. 

The thermal s o l u t i o n  o f  t h e  incompress ib le  laminar  near-wake problem 
has been g i v e n  by Chapman ( 4 6 1  f o r  severa l  P r a n d t l  numbers. I n  v i e w  of  

G o r t l e r ' s  reduc t ion ,  the  d i s c u s s i o n  above suggests a P r a n d t l  number 

c o r r e c t i o n  based on t h e  laminar  incompress ib le  r e s u l t s  may be a p p l i e d  t o  
the t u r b u l e n t  case. Another p o s s i b l e  a l t e r n a t i v e  i s  the work o f  Spence 

(471 ,  which i s  an e x t e n s i b n  o f  Mageres f o r m u l a t i o n  ( 4 8 1  as a p p l i e d  t o  

f r e e  m i x i n g  problems ( 4 9 1 ,  which may be used t o  g e n e r a l i z e  t h e  problem 

when the  t u r b u l e n t  P r a n d t l  number i s  n o t  equal t o  one. 

I 
I 
I 
I 
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The lower boundary o f  t h i s  r e g i o n  occurs a t  the  main d i v i d i n g  

s t r e a m l i n e  by which the reverse  f l o w  r e g l o n  i s  i s o l a t e d  from t h e  main 

f low.  The concept o f  the d i v i d i n g  s t r e a m l i n e  has been used e x t e n s i v e l y  

t h e o r e t i c a l l y  and has r e c e i v e d  v e r i f i c a t i o n  by Tan? (501, whose e x p e r i -  

ments show t h a t  the  d i v i d i n g  s t reaml ine  f o l l o w s c l o s e l y  t o  the  p o i n t s  o f  

i n f l e c t i o n  o f  the v e l o c i t y  p r o f i l e s  even through the recompresslon reg ion .  

The M i x i n g  Layer Below the D i v i d i n q  St reaml ine  

Noth ing new o f  a t h e o r e t i c a l  na ture  appears i n  t h e  t reatment  o f  t h i s  

r e g i o n ,  as d i s t i n g u i s h e d  from Region 6b. The r e g i o n  1s d i f f i c u l t  t o  

s tudy  e x p e r i m e n t a l l y  because of  the d imin ished streamwise component o f  

v e l o c i t y  and the increase i n  the t ransverse  component as one p e n e t r a t e s  

f u r t h e r  i n t o  the m i x i n g  layer .  As a r e s u l t  p r o b i n g  e r r o r s  a re  

a d m i t t e d l y  l a r g e  i n  t h i s  r e g i o n  and techniques such as the i n t e r f e r o -  

m e t r i c  s t u d i e s  o f  Reference (51)  a r e  t o  be p r e f e r r e d .  

The Reverse-Flow Region 

A fundamental q u e s t i o n  concerning the  f l o w  i n  t h l s  r e g i o n  concerns 

the  s t a b i l i t y  o f  the  f l o w  and i t s  temperature d i s t r i b u t i o n .  

As mentioned p r e v i o u s l y ,  the Mach numbers I n  t h i s  r e g i o n  can 

reach as h i g h  as 0.6 i n  a d i r e c t i o n  oppos i te  t h a t  o f  t h e  main f low. 

Forthmann (52)  measured the c h a r a c t e r i s t i c s  o f  t h e  r e v e r s e  f l o w  p r o f i l e  

i n  a p a r t i a l  ~y expanding subsonic j e r  which nave i n e  same generai  

c h a r a c t e r i s t i c s  as the present  case. 

C a r l s o n v s  a n a l y s i s  ( 5 3 )  of  the  wake f l o w  problem Is unique i n  that  

t h e  i n t e g r a l  method i s  c a r r i e d  ou t  across bo th  the l ldead-a i r  reg ion"  and 

the  m i x i n g  layer ,  and takes i n t o  account the r e v e r s e  f l o w  i n  t h e  

r e c i r c u l a t i o n  zone. H i s  s o l u t i o n ,  however, does no t  a p p l y  t o  t h e  near-  

wake problem. 

L i n  ( 5 4 )  has presented an e legant  a n a l y s i s  concerned w i t h  the e f f e c t  

o f  v iscous  f c r c e s  upon the  vor tex  s t r e e t s  i n  the wake o f  b l u n t  bodies 

u s i n g  an improved Oseen approximation. He i n t r o d u c e s  a d d i t i o n a l  l i n e a r -  

i z a t i o n  v a l i d  f o r  v o r t i c e s  no t  t o o  c l o s e  t o  the  g e n e r a t i n g  body which 

enables him t o  s o l v e  f o r  t h e  steady wake v e l o c i t y  d i s t r i b u t i o n s .  
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The r a t i o  o f  the St rouha l  and Reynolds numbers i s  the b a s i c  parameter 

govern ing the s t r u c t u r e  o f  wakes w i t h  p e r i o d i c  v o r t i c e s .  

Us ing  BatchelorOs concepts on f r e e  convect ion,  Squ i re  (55) suggests 

t r e a t i n g  t h i s  v o r t i c a l  mot ion as a "core1* w i t h  cons fan t  v o r t i c i t y  

surrounded by a boundary layer .  The c a v i t y  mot ion  i s  ma in ta ined by shear 

s t r e s s e s  a long the d i v i d i n g  s t reaml ine .  

smal l ,  a l though v i s c o s i t y  i s  r e s p o n s i b l e  f o r  t h e  development o f  the  

motion. The v o r t i c i t y  i s  taken t o  be cons tan t  a long s t r e a m l i n e s  and 

v i s c o u s  e f f e c t s  a r e  absent. The t o t a l  p ressure  i s  cons tan t  a l o n g  

s t r e a m l i n e s  w i t h i n  the  core. He argues t h a t  t h e  v o r t i c i t y  w i l l  tend 

t o  be cons tan t  i n  the c o r e  due t o  the  r e s i d u a l  a c t i o n  o f  v i s c o s i t y .  

S ince v i s c o s i t y  tends t o  des t roy  v o r t i c i t y  g r a d i e n t s ,  the cons tan t  core  

v i s c o s i t y  assumption may no t  be t r u e  i n  the  p h y s i c a l  case s i n c e  the 

m i x i n g  r e g i o n  I s  t u r b u l e n t .  

t u r b u l e n t  mix ing  zone. 

I n  the  c o r e  v iscous  e f f e c t s  a r e  

The core  s t r e a m l i n e s  may c r o s s  i n t o  the  

Each s t r e a m l i n e  may have cons tan t  v o r t i c i t y  i n  

the core  but  the  v o r t i c i t y  i s  no t  u n i f o r m  throughout t h e  core. 

Lam (56)  has shown t h a t  the p e r t i n e n t  parameter f o r  c l o s e d  stream- 

l i n e  problems i s  the  P e c l e t  number, 

Pe = P r  Re. 

For Pe = 0 the  problem i s  one o f  pure  heat  conduct ion  0,. 
i n  steady f low,  the  heat  t r a n s f e r  through the r e g i o n  w i t h o u t  d i s s i p a t i o n  

i s  always h igher  than Qo. 
boundary l a y e r  type o f  s o l u t i o n  develops o u t s i d e  o f  the core. Based 

on c o n d i t i o n s  along t h i s  d i v i d i n g  s t reaml ine ,  t y p i c a l  va lues  o f  the  

Pec le t  number f o r  the  present  exper iments a r e  10 . 

F o r  Pe>O, 

A t  l a r g e  P e c l e t  numbers, Lam i n f e r s  t h a t  a 

6 

There a r e  c e r t a i n  laminar boundary l a y e r  s o l u t i o n s  c a l l e d  " lower-  

branch" s o l u t i o n s  which resemble the  p r o f i l e s  o f  t h e  r e c i r c u l a t i o n  zone 

as they  have a r e g i o n  o f  reverse  f l o w  near the  w a l l .  

f i r s t  drew a t t e n t i o n  t o  t h e  p o s s i b l e  use o f  these s o l u t i o n s  as r e p r e s e n t -  

a t i v e  o f  f l o w  i n  a separated reg ion .  

Stewartson (57) 

Abramovlch 158) presented an i n v i s c i d  compress ib le  f l o w  model which 

c o n t a i n s  many fea tures  which a r e  s i m i l a r  t o  those o f  v iscous  f low,  i n  

p a r t i c u l a r ,  a r e g i o n  where the f l o w  i s  reversed. The l lreentrant Jet1' 
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model has been w i d e l y  p r o p l s e d  f o r  e x p l a i n i n g  the c a v i t y  behind t h e  

f l a t  p l a t e  o r  o t h e r  o b s t a c l e s  i n  the  i n f i n i t e  stream. The back o f  t h e  

c a v i t y  i s  supposed t o  end i n  a r e e n t r a n t  j e t  which d isappears on 

another sheet o f  the "Riemann surface" r e p r e s e n t i n g  the  p h y s i c a l  

p lane. T h i s  approach i s  discussed a t  g r e a t  leng th  i n  Reference (591, 

W a l l - j e t  a n a l y s i s ,  as e x e m p l i f i e d  by References (601 and (611 a l s o  

may be app l ied .  

There i s  s t i l l  some u n c e r t a i n t y  as t o  the e x i s t e n c e  o f  secondary 

~ * r o l l e r - b e a r i n g  v o r t i c e s n  i n  the r e g i o n  o f  the w a l l .  I t  i s  d i f f i c u l t  

t o  sketch the f l o w  p a t t e r n  i n  t h i s  r e g i o n  w i t h o u t  i n c l u d i n g  them when 

t h e  w a l l s  and p lanes  o f  symmetry have sharp corners.  The exact  shape 

o f  the  w a l l  has o n l y  been accounted f o r  by Car lson  (531 f o r  t h e  laminar  

r5-p. Rpfprpnr-p ! e z !  present% h e ~ t  t r a n s f e r  r e ~ e d ! i n n  J h!nher ... j..-. heat  

t r a n s f e r  measured i n  the c e n t e r  o f  a base as  compared w i t h  the r i m  o f  

an ax isymmetr ic  body. I n  t h e  r e a r  s t a g n a t i o n  r e g i o n  the heat  t r a n s f e r  

c o e f f i c i e n t s  a r e  much lower than the  maximum va lues  on t h e  f r o n t  o f  a 

b l u n t  body (631. I n  general ,  laminar separated heat t r a n s f e r  va lues  

a r e  o n l y  about 2/3 o f  the  equ iva len t  s o l i d  sur face  values, where t h e  

t u r b u l e n t  f r a c t i o n  v a r i e s  f rom 1/4 t o  2/3. 

Richardson (641 has presented a heat  t r a n s f e r  p r e d i c t l o n  o f  t h e  

subsonic  problem based on phys ica l  arguments and analogies.  He r e l a t e s  

t h e  f l o w  beh ind  a t ransverse  c y l i n d e r  t o  some paradox ica l  f lows i n  f r e e  

and fo rced convect ion.  A t  low Rayle igh and Reynolds numbers the  develop- 

ment o f  these f l o w s  1s associated w i t h  c r i t i c a l  va lues  o f  these numbers. 

A t  h i g h  Ray le igh  and Reynolds numbers these f lows e x h i b i t  m u t u a l l y  

s i m i l a r  heat  t r a n s f e r  c h a r a c t e r i s t i c s .  He advances the hypothes is  t h a t  

the  l o c a l  Nussel t  number may be found by t h e  same method as t h a t  f o r  

t h e  h o r i z o n t a l  f l a t  p l a t e  and r o t a t i n g  c y l i n d e r  u s i n g  the  l o c a l  c r i t l c a l  

Reynolds number. The hypothes is  p r e d i c t s  t h a t ,  f o r  the case o f  a b l u f f  

f l a t  p l a t e ,  the  h i g h e s t  l o c a l  heat t r a n s f e r  c o e f f i c i e n t  occurs a t  the  

r e a r  s t a g n a t i o n  p o i n t  and f a l l s  s l i g h t l y  toward the edges. One f r e e  
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cons tan t  i s  l e f t  f o r  exper imenta l  eva lua t ion .  The form o f  t h i s  heat  

t r a n s f e r  p r e d i c t i o n  i s  

2/3 Nu = constant Re 

The two means o f  exper imenta l  v e r i f l c a t i o n  o f  the Richardson r e l a t i o n  

i n v o l v e  the  leading cons tan t  and the  exponent o f  the  Reynolds number. 

Subsonic experiments 165) c o n f i r m  the power. The supersonic  da ta  o f  

Larson (661, al though in f luenced by geometr ica l  recompression e f f e c t s ,  

a l s o  suppor t  the 2/3 exponent. 

The c o l l e c t e d  t rends  i n d i c a t e  t h a t  the  heat  t r a n s f e r  i s  h i g h e r  a long 

the  c,enter p o r t i o n s  o f  the  base, f a l l i n g  o f f  v e r y  s l o w l y  as one progresses 

outwgrd. T h i s  agrees q u a l l t a t i v e l y  w i t h  the  laminar  s t a g n a t i o n  p o i n t  

r e g i o n  h e a t  t r a n s f e r  v a r i a t i o n s .  I t  seems reasonable t o  conclude t h a t  

the  heat  t r a n s f e r  process i s  governed by the r e c i r c u l a t i o n  zone processes. 

Where time-averaged, these may be comparable i n  the subsonic and super- 

s o n i c  cases-  t h i s  r e n d e r i n g  the Richardson analogy more p a l a t a b l e  t o  the  

supersonic  e x p e r i m e n t a l i s t .  

The W a l l  o r  Plane o f  Symmetry Boundary 

The type o f  boundary c o n d i t i o n s  a long the h o r i z o n t a l  s u r f a c e  i s  

importance f o r  the m i x i n g  l a y e r  analyses a l though the  e x i s t e n c e  o f  the 

r e c i r c u t a t i o n  zone v i o l a t e s  the asympto t ic  na ture  o f  the m i x i n g  l a y e r  

theor ies .  On the average, symmetry p r e v a i l s  i f  t h i s  boundary i s  a f r e e  

sur face.  T h i s  c o n d i t i o n  I l l u s t r a t e s  the b a s i c  d i f f e r e n c e  i n  the  flow 

p a t t e r n  between the near-wake problem and a gap o r  rearward  f a c i n g  step. 

No a n a l y s i s  i l l u s t r a t i n g  t h e  r e s u l t s  o f  the d i f f e r e n c e s  i n  these boundary 

c o n d i t i o n s  i s  a v a i l a b l e .  

The Recompression Region 

, The examinat ion o f  the  a v a i l a b l e  base pressure  data i s  f r u s t r a t i n g  

due t o  f a c t o r s  such as s t i n g  e f f e c t s ,  the presence o f  wings and f i n s ,  

b o a t - t a i l i n g ,  mass a d d i t i o n ,  e tc .  U n i f y i n g  p r i n c i p l e s  have been advanced 

by Chapman (67)  and K o r s t  (28) .  
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The wake pressure  i s  found from a mass balance which takes i n t o  

account the pumping a c t i o n  due t o  the m i x i n g  process. Love (70)  has 

o f f e r e d  a s imple,  sem!-empirical method f o r  e s t i m a t i n g  base pressure 

which stems from an analogy e s t a b l i s h e d  between the  base pressure  

phenomenon and the peak-pressure-r ise assoc ia ted  w i t h  the  s e p a r a t i o n  

o f  the  boundary layer .  These est imates g i v e  f a i r  p r e d i c t i o n s  o f  ex- 

per imenta l  r e s u l t s .  Charwat (68) has o f f e r e d  a hypothes is  f o r  the ob- 

served base pressure  increase w i t h  increased Reynolds number. 

Ccnt lnua!  cempresslsri, i d e s !  :zed t o  mt; l t ;p!e compression cel Is, 

Conforms c o n c e p t u a l l y  w i t h  exper imental  evidence. The base pressure  

v a r i a t i o n s  w i t h  Reynolds number a l s o  agree q u a l i t a t i v e l y  w i t h  the 

t h e o r e t i c a l  p r e d i c t i o n s  o f  Crocco and Lees throughout wake t r a n s i t i o n  (691. 

Both K o r s t  and Chapman assume t h a t  the t o t a l  p ressure  on the d i v i d -  

i n g  s t r e a m l i n e  approaching reattachment i s  equal t o  t h e  s t a t i c  pressure 

downstream f i n  the far-Weke!_ Chspme~llt ! !nm!nnr m!x!~lltn,? asaumcc! 

i s e n t r o p i c  recompression f o r  both the v i s c o u s  r e g i o n  end the  f r e e  stream. 

K o r s t  ( t u r b u l e n t  m i x i n g )  used an o b l i q u e  shock t o  s p e c i f y  the  recom- 

p r e s s i o n  pressure. Each assumption seems a p p r o p r i a t e  t o  i t s  case o f  

appr { c a t i o n .  

The compression i s  approx imate ly  i s e n t r o p i c  a long the  d i v i d i n g  

s t r e a m l i n e  through the  recompression zone. I f  one i n c l u d e s  t h e  case 

where the boundary l a y e r  th ickness  i s  s i z a b l e ,  the  c a l c u l a t i o n  o f  the 

v e l o c l - t y  a long the  d i v i d i n g  s t reaml ine  i s  complex s i n c e  s i m i l a r i t y  1s 

n o t  present.  S ince  the  c o r r e l a t i o n s  o f  K o r s t  and Chapman compare 

f a v o r a b l y  w i t h  the exper imenta l  da ta  f o r  base pressure,  t h e  expected 

v a r i a t i o n s  o f  the d i v i d i n g  s t reaml ine  v e l o c i t y  a r e  no t  large.  

I n  our op in ion ,  the  K o r s t  t u r b u l e n t  base pressure  theory,  which i s  

based on more than the usual  number o f  f i r s t - o r d e r  approx imat ions and 

o t h e r  assumptions t y p i c a l  o f  t u r b u l e n t  boundary l a y e r  theory,  i s  more 

accura te  thar! o r i g i n a l l y  expected. 

Far  Wake 

The r e a r  s t a g n a t i o n  p o i n t  occurs one o r  two d iameters f rom the base. 

The diameter o f  t h e  neck i s  approx imate ly  the body r a d i u s .  References 
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(711,  (721, and ( 7 3 )  have descr ibed the  f l o w  processes i n  the far-wake, 

which begin a t  the  neck below the  t r a i l i n g  shock. 

ments above the d i v i d i n g  s t r e a m l i n e  pass i n t o  the  far-wake. The t y p i c a l  

v e l o c i t y  exceeds 60% o f  the main f l o w  v e l o c i t y  o u t s i d e  o f  the f r e e  shear 

Only  the f l u i d  e l e -  

layer .  The enthalpy i n  t h i s  r e g i o n  

o u t s i d e  t h e  wake i f  the  body sur face  

f l u i d  i s  generated i n  the  Inner  wake 

neck, r e q u i r i n g  an inner  and ou ter ,  

proposed above. 

s about 90% o f  the  t o t a l  e n t h a l p y  

i s  insu la ted .  Thus a h o t  c o r e  o f  

which c o o l s  o f f  downstream o f  t h e  

wo f l u i d ,  system s i m i l a r  t o  t h a t  

2.2.3 Discuss ion o f  Kors t  A n a l y s i s  

The K o r s t  a n a l y s i s  was s t u d i e d  t o  determine i t s  a p p l i c a b i l i t y  i n  

p r e d f c t i n g  base pressures  and h e a t i n g  r a t e s  f o r  the  c o n d i t i o n s  

present  experiments. The concept o f  the  t h e o r e t i c a l  model emp 

K o r s t ,  Chow, and Zumwalt (28 )  i n c l u d e s  the i n t e r a c t i o n  between 

I s e n t r o p i c  f l o w  regimes and d i s s i p a t i v e  r e g i o n s  (see F i g u r e  2) 

a n a l y s i s  i s  r e s t r i c t e d  t o  two-dimensional, constant -pressure m 

i s  a t t a c k e d  by an i n t e g r a l  technique. 

o f  the  

oyed by 

near I y 

T h e i r  

Xing and 

I n  c o n t r a s t  t o  t h e  impor tant  i n f l u e n c e  o f  a w a l l  i n  t u r b u l e n t  

boundary l a y e r  f lows,  f r e e  t u r b u l e n t  f l o w s  ( n o t  c o n f i n e d  by s o l i d  w a l l s )  

a r e  more amenable t o  a n a l y s i s .  Here t u r b u l e n t  f r i c t i o n  everywhere 

dominates laminar f r i c t i o n  t o  such an e x t e n t  t h a t  the  l a t t e r  (and i t s  

assoc ia ted  mathematical c o m p l i c a t i o n s )  i s  o m i t t e d  completely.  

As i n  the case o f  laminar  wake f lows,  f r e e  t u r b u l e n t  f l o w  possesses 

q u a l i t i e s  o f  a boundary l a y e r  n a t u r e  and a r e  s t u d i e d  w i t h  t h e  a i d  o f  the 

boundary l a y e r  equat ions.  For constant -pressure,  steady, two-dimensional 

mix ing ,  these are: 

1 1 )  

( 2 )  

w h e r e f t  denotes the t u r b u l e n t  shear ing  s t ress.  To s o l v e  the system, i t  
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i s  necessary t o  express the t u r b u l e n t  shear ing  s t r e s s  i n  terms of  the 

main f low. T h i s  has been done e m p i r i c a l l y  by P r a n d t l  who s t a t e d  t h a t  

f o r  f r e e  t u r b u l e n t  l a y e r s  

Here C denotes a dimensionless number t o  be determined e x p e r i m e n t a l l y  

and 6 I s  the  h e i g h t  o f  the  mix ing  layer .  I m p l i c i t  i n  t h i s  e q u a t i o n  i s  

the assumption t h a t  the s c a l e  of t h e  lumps o f  f l u i d  which move i n  a 

t ransverse  d i r e c t i o n  d u r i n g  t u r b u l e n t  m i x i n g  i s  o f  the same o r d e r  o f  

magnitude as the  h e i g h t  o f  t h e  m i x i n g  zone. 

The a p p l i c a t i o n  o f  the boundary l a y e r  equat ions  i s  n o t  r e s t r i c t e d  

t o  r e g i o n s  near a s o l i d  w a l l .  They can be a p p l i e d  t o  any l a y e r  i n  which 

the  i n f l u e n c e  o f  f r i c t i o n  dominates, such as i n  the  wake behind a body 

o r  when a f l u i d  i s  d ischarged through an o r i f i c e .  Cons ider ing  the wake 

case, Pa i  made the  assumption tha t  t h e  v e l o c i t y  d i f f e r e n c e  i n  t h e  wake 

- U2a - ii (x,y)  
ug (x,y) = ( 4 )  

i s  smal l  compared t o  U 

be neglected. For  constant  pressure mix ing,  the  momentum equat ion  1s 

then l i n e a r i z e d  by use o f  the small p e r t u r b a t i o n  method proposed by 

Pa! (38) t o  y i e l d  

so that  q u a d r a t i c  and h i g h e r  terms i n  ua. may 2a 

0 

aLuQ 
= C I X  - 

a Y 2  

a. a i  
ax 
- (5) 

where the q u a d r a t i c  terms i n  cL and cL have been omi t ted.  

, ,  \ I  - , ,- I 
. .  

A t  x = 0, the v e l o c i t y  i s  zero f o r  n e g a t i v e  y’s,  i s  equal t o  the 

f ree-st ream v e l o c i t y  u f o r  y>S,. 2a 

Tak ing  f = ~ 1 6 ~ ’  9, = 1 / 2 g  , the general  s o l u t i o n  o f  t h i s  

l i n e a r  problem i s  
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The i n c l u s i o n  o f  the upstream boundary l a y e r  does n o t  p e r m f t  general  
I . .  

r e s u l t s  t o  be expressed. A more expanded t reatment  has been g i v e n  by 

K o r s t  i n  Reference (371. R e s t r i c t i n g  the present  d i s c u s s i o n  t o  no 

i n i t i a l  boundary layers ,  = (J y /x ,  and we o b t a i n  G o r t l e r ' s  f i r s t  approx i -  

mat ion s o l u t i o n  ( 3 4 ) .  

where u i s  

. F o r  a 

be r e l a t e d  

t h e  energy 

A =  

the e m p i r i c a l  spreading f a c t o r .  

t u r b u l e n t  P r a n d t l  number o f  one, the v e l o c i t y  p r o f i l e  can 

t o  t h e  temperature p r o f l l e  by i r t i l i z i n g  Croccots  i n t e g r a l  o f  

equat ion such t h a t  the t o t a l  temperature p r o f i l e  is g i v e n  b y  

TB 
T '  

To2a To2a 

0 - = -  + 
-I-. -&- 

I B I '  I - = -  + 0 

(I - f2,)Cp To2a To2a 
( 8 1  

Thus T = T l u l ,  curves o f  cons tan t  v e l o c i t y  a r e  i d e n t i c a l  w i t h  t h e  Isotherms. 

For cons tan t  pressure m i x i n g  o f  a p e r f e c t  gas, t h e  Crocco number (C = i / U m a x l  

i s  convenlent  t o  use s i n c e  the a n a l y s i s  and r e s u l t s  a l l  become Indepen- 

dent o f  s p e c i f i c  heat  r a t l o  y. The d e n s i t y  r a t i o  1s g i v e n  by 
I 

Energy Balance I 

KorstOs t u r b u l e n t  energy balance, w i t h  no upstream boundary layer ,  

I s  as fo l lows:  ( r e f e r  t o  F i g u r e  2) 
R 

0 -  
f P2aU2aCpT02a dy 

energy added a t  x = 
0 

-energy l e a v i n g  a t  x =I pu'c T'dy 
P O  

'.i 

pUc T dy 
P B  

-energy added by added mass = 

1 
I 
I 
I 
I 
I 
I 
1 
I 

I 
I 
I 
I 
I 
I 
1 
1 
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= energy added t o  dead zone from t h e  shear l a y e r ,  Q,, 

'6 i- I p B  
It 

pu'c T dy ( 1 1 1  ld * 
PUCp(Toa - To) dY + f * 'd 

pu'c T dy = 

'.i 'd 

where the  i n t e g r a l  l i m i t s  a r e  shown on F i g u r e  2 and R r e p r e s e n t s  an 

a r b i t r a r y  va lue  o f  y i n  the  i n v l s c i d  f low. 

I t  i s  here  t h a t  K o r s t  justifies the concept o f  a "dead a i r n  r e g i o n  

i n  d e a l i n g  w i t h  the  dynamic aspects o f  t h e  two-dimensional base pressure  

and base temperature problem. He s t a t e s  t h a t  f o r  s t u d y i n g  t h e  mechanlsm 

o f  the wake f l o w  i t s e l f ,  as Car lson (531 d id ,  such assumptions must be 

d iscarded as t r i v i a l .  

P*au2adY = pcdy, assuming x-momentum conserva t lan ,  IR Since 

'd 
0 

+ m i  = n ~  Q; B 

u s i n g  the K o r s t  n o t a t i o n .  Since - 

(12)  

3/2 

i s  the energy added t o  the mix ing  l a y e r  f rom sources o t h e r  than t h e  

added mass m, where H i s  the re fe rence l e n g t h  taken h e r e  t o  be t h e  

h a l f  base h e i g h t .  H i s  r e l a t e d  t o  the wake s l a n t  l e n g t h  X by t h e  

r e l a t i o n  

H = X 16) 

K o r s t  has demonstrated the g e n e r a l i z e d  p r e s e n t a t i o n  AB VS. HB 

f o r  an approach Mach number o f  2.0 and a s i m p l e  rearward- fac ing  step. 

The c a l c u l a t i o n  has been repeated f o r  an approach Mach number o f  3.0, 

p a r a l l e l i n g  the present  e x p e r i m e n t  ( F i g u r e  3). Equat ion  IS was used t o  
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s u b t r a c t  the energy r a t e  o f  t h e  added mass from the  t o t a l  r a t e  o f  energy 

added t o  t h e  wake f rom t h e  o u t s i d e  f l o w  ( a l l  energy r a t e s  a r e  p e r  u n i t  

wake w i d t h ) .  Th is  was done i n  o r d e r  t o  o b t a i n  an energy r a t e  analogous 

t o  the heat t r a n s f e r r e d  by conduct ion  a t  the w a l l  i n  an a t tached boundary 

l a y e r  case. The r e s u l t i n g  p r e s e n t a t i o n  i s  shown as F i g u r e  4. I t  i s  

seen t h a t  when the base temperature i s  equal t o  the  f rees t ream s t a g n a t i o n  

temperature,  no energy f l o w s  from the shear l a y e r  i n t o  the  dead zone 

(Q, = 01, i r r e s p e c t i v e  o f  mass a d d i t i o n .  The unexpected r e s u l t  i s  t h a t  

f o r  a f i x e d  base temperature r a t i o ,  TB/To, Q, increases w i t h  a, i n s t e a d  

o f  decreasing. The l a t t e r  s i t u a t i o n  occurs i n  boundary l a y e r  f l o w  w i t h  

mass a d d i t i o n  a t  the sur face  ( b u t  a t  cons tan t  p ressure) .  However, mass 

a d d i t i o n  produces an Increase i n  base pressure  r a t i o  PB/Pl as shown i n  

F i g u r e  5 .  I f  the base pressure i s  h e l d  constant  a t  i t s  zero-mass- 

a d d i t i o n - v a l u e ,  !.e., by decreas ing the  tunnel  t o t a l  p ressure  i n  an 

exper imenta l  study, t h e  d imensionless heat  f l u x  inc reases  shown i n  F i g u r e  6 

a r e  shown t o  decrease (see F i g u r e  7). The dominant e f f e c t  o f  mass add i -  

t i o n  i s  t o  increase the  base heat  f l u x  by i n c r e a s i n g  the base pressure  

d e s p i t e  the  presence o f  t h e  t h i c k e r  thermal l a y e r s  n o r m a l l y  generated by 

mass a d d i t i o n .  

On F i g u r e s  3 - 7 ,  a d i a b a t i c  f l o w  c o n d i t i o n s  were assumed from the 

tunnel  Stagnat ion chamber t o  the o u t e r  edge o f  t h e  shear layer .  There- 

f o r e ,  T = = To = tunnel  s t a g n a t i o n  temperature. 
oa 
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3. EXPERIMENTAL EQUIPMENT AND TECHNIQUES 

3.1 Discuss iAn o f  Test F a c i l i t i e s  

The e a r l y  exper iments were conducted i n  channel 4 o f  the  main con- 

t i n u o u s  f l o w  f a c i l i t y .  To o b t a i n  the bes t  p o s s i b l e  exper imenta l  

environment f o r  c o n t i n u a t i o n  o f  the base f l o w  program, the f i n a l  t e s t s  

were made i n  the  supersonic  channel o f  the  p r o p u l s i o n  research  l a b o r a t o r y .  

Because o f  i t s  remoteness from the main cont inuous f l o w  f a c i l i t y ,  the  

p r o p u l s i o n  research  b u i l d i n g  i s  f r e e  o f  a l l  v i b r a t i o n s  emanating f rom 

t h e  compressors and vacuum pumps and lends i t s e l f  n i c e l y  t o  measurements 

r e q u i r i n g  cons iderab le  p rec is ion .  

The b a s i c  f a c i l i t y  c o n s i s t s  o f  a 6- in.  x 9- in .  supersonic  channel 

and v a r i a b l e  d i f f u s e r  w i t h  an i s o l a t e d  c o n t r o l  room and l a b o r a t o r y  space. 

T h i s  channel u t i l i z e s  the compressors, exhausters,  and h e a t e r s  o f  the  

cont inuous  wind tunnel  f a c i l i t y  and was designed t o  handle s t a g n a t i o n  

pressures  up t o  110 p s i g .  

The compressor i n s t a l l a t i o n  c o n s i s t s  o f  f i v e  para l le l -connected ,  

e l e c t r ; c a l l y - d r i v e n ,  r e c i p r o c a t i n g  two-stage a i r  compressors. Four a r e  

Ingerso l l -Rand 700 hp compressors and the f i f t h  i s  a Chicago pneumatic 

1000 hp u n i t .  The compressors pump i n t o  f i v e  b u f f e r  tanks  f rom which 

t h e  a i r  f o r  the  tunnel  opera t ion  i s  drawn. The a i r  can be d e l i v e r e d  

a t  a max 

which i s  

The 

pumps d r  

mum cont inuous r a t e  o f  23.2 pounds p e r  second a t  a 110 p s l g  

e q u i v a l e n t  t o  17000 cfm o f  f r e e  a i r .  

exhauster system c o n s i s t s  o f  seven A l l i s -Cha lmers  r o t a r y  vane 

ven by f o u r  250 hp motors. Two pumps are  r a t e d  a t  2270 c f m  

each, f o u r  a t  2680 c fm each and one a t  3390 cfm. Three e 

d r i v e  two pumps each and the  f o u r t h  motor  d r i v e s  the 3390 

The pumps may be operated i n  var ious  combinat ions t o  p r o v  

necessary a i r  f l o w  and pressure l e v e l .  

e c t r i c  motors  

c fm pump. 

de the 

F i g u r e  8a i s  an o v e r a l l  view o f  the t e s t  set-up i n  t h e  w ind  tunnel  

room and F i g u r e  8b shows the  c o n t r o l  room. 
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3.2 Model Design 

3.2.1 General 

The f i n a l  mode! shape and s i z e  chosen f o r  these exper iments was the 

r e s u l t  o f  several compromises. The i n i t i a l  requi rement  was a two- 

d imensional ,  channel-spanning model o f  adequate h e i g h t  t o  house i n t e r n a l  

c o o l i n g  l i n e s  and ins t rumen ta t i on  leads, and p r o v i d e  the  l a r g e s  p o s s i b l e  

t e s t  r e g i o n  f o r  ease o f  p rob ing  i n  the  r e c i r c u l a t i o n  zone. I n  a d d i t i o n ,  

t he  model had t o  be s u f f i c i e n t l y  l ong  t o  a l l o w  t h e  necessary we t ted  

l eng th  r e q u i r e d  f o r  n a t u r a l  t r a n s i t i o n  t o  t u r b u l e n t  f l o w  be fo re  separa- 

t i o n  w i t h o u t  the necess i t y  o f  u s i n g  excess ive  s t a g n a t i o n  pressures.  

Opposing these requ i rements  were the  p o s s i b i  I i t y  o f  tunnel  chok ing  

because o f  the  b lockage area o f  t he  model and impingement o f  r e f l e c t e d  

shock waves f r o m  the  model nose w i t h  the  base reg ion .  

I t  was f e l t  t h a t  a sharp l ead ing  edge w i t h  a gradual taper  t o  the 

r e a r  o f  the model would enhance the  p o s s i b i l i t i e s  o f  n a t u r a l  t r a n s i t i o n  

and move the  shockwave i n t e r s e c t i o n  w i t h  t h e  nozz le  b l o c k s  downstream 

as f a r  as poss ib le .  The shape chosen f o r  t he  model con tour  was a 3.8/1 

c a l i b e r  tangent-og ive w i t h  a s t r a i g h t  extens ion.  The base h e i g h t  was 

1.5 inches and the model was S.19-in. long. F i g u r e  9a i s  8 design 

drawing o f  t he  model forebody and F i g u r e  9b shows the  forebody a t tached  

t o  the  s t e e l  mounting window. 

Separate bases and a f te rbody  components were used f o r  t h e  heat  

t r a n s f e r  and prob ing  runs.  Greater  p r e c e u t i o n s  were taken i n  m in im iz -  

i n g  conduction e r r o r s  w i t h  the heat  t r a n s f e r  base. The base used d u r i n g  

most o f  the prob ing  r u n  had a d d i t i o n a l  p ressu re  taps. 

3.2.2 Heat T rans fe r  Base 

The heat  t r a n s f e r  base was made o f  pure  n i c k e l  0.0185 inch  t h i c k .  

Copper-constantan thermocouples and pressure  taps  were imbedded i n  t h e  

base a t  se lec ted  l oca t i ons .  F igu re  IO i l l u s t r a t e s  the l o c a t i o n  o f  the  

complete i ns t rumen ta t i on  on the  base and forebody. 

The base and c o o l a n t  passages were housed i n  a m i c a r t a  a f t e r b o d y  

t o  t h e r m a l l y  i s o l a t e  the  base from the  model and increase the  r e l i a b i l i t y  

o f  the  heat  t r a n s f e r  data. 
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A s t e e l  cover  p l a t e  was i n s t a l l e d  on the  bottom t o  p r o v i d e  access 

i n t o  the  model. A f t e r  the  p l a t e  was screwed i n t o  p o s i t i o n ,  the  cover  

p l a t e  and the forebody were ground i n t o  a smooth contour  t o  p revent  any 

d is tu rbances  t o  the f!ow. The disassembled model i s  shown as F i g u r e  \ I .  

Al though the m i c a r t a  a f te rbody  e f f e c t i v e l y  i s o l a t e d  the  base from 

the forebody, the  p o s s i b i l i t y  o f  conduct ion  e f f e c t s  on the base i t s e l f  

had t o  be considered. Bench t e s t s  o f  a smal l  t e s t  sample showed t h a t  

slots 14 mlles wide, f l ! ! e d  w i t h  Armstrona cement, formed an e f f e c t i v e  

b a r r i e r  t o  conduct ion  heat t r a n s f e r .  Based on these experiments, t h e  

thermocouples on the base p l a t e  were i n s u l a t e d  by means o f  the  cement- 

f i l l e d  s l o t s  shown i n  F i g u r e  12. The s l o t s  had n o t  y e t  been f i l l e d  

w l t h  cement a t  the  t ime t h e  photograph was taken. The thermocouples 

appear as smal l  l i g h t  c o l o r e d  dots i n  the photograph. The v e r t i c a l  

s l o t s  were added t o  min imize hor izcnta l  t r a n s f e r  o f  heat  across  the  

base p l a t e  because o f  conduct ion through the  b r a s s  pressure- tap  

extens ions.  

3.2.3 Pressure and Probing Base 

I n  t h e  e a r l y  exper iments d i f f i c u l t y  was encountered i n  p r e v e n t i n g  

smal l  amounts o f  a i r  leakage from i n s i d e  the  base p l a t e  i n t o  the  

r e c i r c u l a t i o n  zone. I t  was found d u r i n g  the present  exper iments t h a t  

smal l  amounts o f  a i r  b l e e d  can apprec iab ly  a f f e c t  the base pressures.  

T h i s  problem was s o l v e d  w i t h  the heat  t r a n s f e r  base bu t  i t  was f e l t  t h a t  

a more p o s i t i v e  seal  between the i n t e r i o r  o f  the  model and the  r e c i r c u l a -  

t i o n  zone was requ i red .  

p o s s i b i l i t y  o f  a i r  leakage. Th is  base p l a t e  was a l s o  o f  pure  n i c k e l  

0.0185 inch  t h i c k  and had a d d i t i o n a l  s t a t i c  p ressure  taps i n  the  v e r t i c a l  

d i r e c t i o n  as w e l l  as a t  some of  the  p r e v i o u s  p o s i t i o n s  ( r e f e r  t o  F i g u r e  

13). Thermocouples on t h e  p l a t e  and p r o v i s i o n s  f o r  i n t e r n a l  c o o l i n g  

were r e t a i n e d .  F i g u r e  14a shows a r e a r  v iew o f  the base p l a t e  and 

F i g u r e  14b shows two views o f  the c o o l i n g  chamber. 

A new base p l a t e  was b u i l t  which e l i m i n a t e d  t h e  

3.3 Heat TranEfer  Measurement Technique 

The t r a n s i e n t  technique was used t o  o b t a i n  base heat t r a n s f e r  values. 

I n  t h i s  method the  model i s  i n i t i a l l y  a t  a temperature below the e q u i l i b -  
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r i u m  w a l l  temperature. The f l o w  i s  s t a r t e d  and the  connect ive  heat  t r a n s -  

f e r  process tends t o  b r i n g  the w a l l  temperature up t o  an equilibrium 

va I ue. 

The use of  the t r a n s i e n t  technique t o  measure heat t r a n s f e r  a p p l i c a b l e  

t o  s teady s t a t e  c o n d i t i o n s  r e q u i r e s  assumpticn o f  a q u a s i - s t a t i o n a r y  

process. A t  each i n s t a n t  i n  t ime the  heat t r a n s f e r  r a t e  i s  assumed t o  be 

equal t o  t h a t  which would e x i s t  f o r  s teady s t a t e  c o n d i t i o n s  i d e n t i c a l  

t o  those which e x i s t  a t  t h a t  i n s t a n t .  T h i s  assumption has been s t u d i e d  

by Sparrow and Gregg (761, who analyzed the case o f  a s e m i - i n f i n i t e  

f l a t  p l a t e  w i t h  a r b i t r a r y  v a r i a t i o n  o f  sur face  temperature w i t h  time. 

Us ing  t h e i r  r e s u l t s  i t  can Le shown f o r  the present  case t h a t  the  e r r o r  

in t roduced by the quasi-steady assumption i s  n e g l i g i b l e .  

I n i t i a l l y  n e g l e c t i n g  heat conduct ion  through the model s k i n  and 

r a d i a t i o n  e f f e c t s ,  fhe r a t e  a t  which heat  i s  t r a n s f e r r e d  from the  boundary 

l a y e r  a t  any p o i n t  on the  model s u r f a c e  may be equated t o  the heat  s t o r e d  

a t  the same !oca t ion ,  or 

Using t h e  Newtonian heat f l o w  equat ion  

and combin ing w i t h  equat ion  Cp, we o b t a i n  

-d c dV/dAdTb/dO 
h =  

Tb - TR 

The heat  t r a n s f e r  c o e f f i c i e n t  can then be ob ta ined by measuring t h e  

ins tan taneous w a l l  temperature and r a t e  o f  w a l l  temperature change. A 

cons tan t  d e n s i t y  can u s u a l l y  be used which i s  e v a l u a t e d  a t  t h e  w a l l  

temperature. The w a l l  recovery  temperature can e i t h e r  be c a l c u l a t e d  o r  

measured as a f u n c t i o n  o f  the  tunnel  t o t a l  temperature.  

S i m u l a t i o n  o f  the proper  d i r e c t i o n  o f  heat  t r a n s f e r  r e q u i r e s  t h a t  the 

model be a t  a temperature below r e c o v e r y  temperature. T h i s  can be 

accomplished by p r e c o o l i n g  the  mode! and u s i n g  ambient temperature tunnel  
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a i r .  For these t e s t s  i n t e r n a l  c o o l i n g  l i n e s  were i n s t a l l e d  i n s i d e  

t h e  mode! bo b r j o g  the base dcwn t o  -320 F a: the s t a r t  o f  the run. 

A s h i e l d  was p laced behind the  model t o  r e t a r d  aerodynamic h e a t i n g  

u n t i l  proper  f l o w  hsd been e s t a b l i s h e d  i n  the tunnel .  

0 

For the transTen: technique o f  heat t r a n s f e r  measurements, the 

s k i n  th ickness  i s  a major governing f a c t o r .  For a g iven h e a t i n g  r a t e ,  

i f  the  s k i n  i s  t o o  t h i n  t h e  t i m e  r a t e  o f  change o f  the element tempera- 

h r e  may be beyond the reccnnse ! i m i t a t i o n s  o f  the  temperature 

recorders .  On the  o t h e r  hand, i f  the s k i n  i s  t o o  t h i c k ,  t h e  assump- 

t i o n s  made i n  u s i n g  the t r a n s i e n t  heat  t r a n s f e r  technique a r e  no t  

v a l i d ,  as equat ion  ( I71 assumes a zero temperature g r a d i e n t  normal 

t o  the  sk in .  

Past exper ience has shown t h a t  the maximum p e r m i s s i b l e  r a t e  o f  
0 :c~pertf~re c!?en.;e w ~ n l r l l  he 100 F/sec based on r e c o r d e r  response and 

da ta  r e d u c t i o n  procedures. From data o f  Naysmith (771, who measured 

heat  t r a n s f e r  on and around a rearward f a c i n g  step, a p r e l i m i n a r y  

v a l u e  o f  the heat  t r a n s f e r  c o e f f i c i e n t  was obta ined.  H i s  f l o w  f i e l d  

was n o t  e x a c t l y  t h e  same, but ,  as h i s  da ta  were i n  the same Mach number 

and Reynolds number range, h i s  va lues  were c l o s e  enough f o r  des ign 

purposes. S o l v i n g  equat ion  ( 1 9 )  f o r  dV/dA and r e a l i z i n g  t h a t  dV/DA = 

tbdA/dA = t 

l i m i t  o f  0.006 inch was obtained. As t h l s  was t o o  small for 

s t r u c t u r a l  i n t e g r i t y ,  a th ickness  o f  0.0183 i n c h  w8s chosen. P r e v i o u s  

and i n s e r t i n g  the proper  values, a w a l l  t h i c k n e s s  lower 
b 

c a l c u l u t i o n s  h a v o  shown t h a t  t h l s  t h i c k n e s s  Is b e l o w  t h e  minlmum 

r e q u l r e d  so as n o t  to v l o l a t e  t h e  a s s u m p t i o n  of c o n s t a n t  t e m p e r a t u r e  

t h r o u g h  t h e  s k l n .  

rates for t h i s  t h i c k n e s s  w e r e  o f  t h e  o r d e r  of  30°F/sec. 

The c a l c u l a t e d  and measured  t e m p e r a t u r e  r e s p o n s e  



4. SUMMARY OF EXPERIMENTS PERFORMED 

4.1 The Establ ishment o f  Und is tu rbed Turbu len t  Base Flow 

4. I. I General 

The establ ishment o f  a proper  f l o w  s i t u a t i o n  and d e f i n i t i o n  o f  a 

s u i t a b l e  c o n t r o l  r e g i o n  whlch d e f i n e d  the boundar ies o f  the r e c i r c u l a -  

t i o n  zone were the  most impor tant  aims o f  t h e  e a r l y  experiments. A 

n ~ l e a n e g  f low,  u n d i s t u r b e d  by i n t e r a c t i o n s  between the  near wake and 

r e f l e c t e d  nose shockwave, were e s s e n t i a l .  C o n s i d e r a t i o n  was g i v e n  t o  

the  e x i s t e n c e  o f  any three-dimensional  f l o w  p e r t u r b a t i o n s  which would 

d e t r a c t  f rom the d e s i r e d  two-dimensional s i t u a t i o n .  The model had t o  

be s u f f i c i e n t l y  t h i c k  t o  a l l o w  a reasonable t e s t  r e g i o n  f o r  p r o b i n g  

purposes, and long enough t o  a l l o w  t r a n s i t i o n  on the  model w i t h  r e s u l t i n g  

turbl i r lent  f l o w  i n  the  base reg ion .  I t  was feared t h a t  the l a t t e r  two 

requi rements could cause f l o w  blockage and s e r i o u s  shock wave-wakb 

i n t e r a c t i o n s .  D e t a i l s  o f  the  wake s t a r t i n g  process and knowledge o f  the 

Reynolds number r e q u i r e d  t o  g i v e  t u r b u l e n t  f l o w  were des i red.  

The above problems were s t u d i e d  u s i n g  severa l  o p t i c a l  techniques 

and pressure  measurements. The f o l l o w i n g  i s  a d i s c u s s i o n  o f  the  pre-  

l i m i n a r y  experiments c a r r i e d  ou t  t o  add v a l i d i t y  t o  the assumed f l o w  

model. 

_ _  1 . :  , i- .I : , - I < ! '  I I , '  ; , ,  : I - -  I _  I- . 
. .  . . , . , . - , I  . I . '  ... I , I !  , , l  .I ;- ' 3 ;  

4. I .2 Blockage Runs 

. .  . .... . . . . . . , - . .. . . . . .. . . . , 

Several p r e l i m i n a r y  t e s t s  were c a r r i e d  o u t  t o  i n s u r e  t h a t  the  w ind  

tunnel  s e l e c t e d  f o r  these t e s t s  would r u n  p r o p e r l y  over  the  d e s i r e d  range 

o f  Reynolds numbers and t o  p r o v i d e  wlsual  assurance t h a t  the c o r r e c t  f l o w  

f i e l d  was establ ished.  These t e s t s  were v e r y  i n f o r m a t i v e  and the  r e s u l t s  

were used as a bas is  f o r  the  heat  t r a n s f e r  and p r o b i n g  runs. 

For these runs  a model IO-inches long w i t h  a I .5- lnch base h e i g h t  

was s t i n g  mounted i n  the  p o s i t i o n  where the  f i n a l  heat  t r a n s f e r  model would 

be i n s t a l l e d  (F igure  15). T h e o r e t i c a l  c a l c u l a t i o n s  showed t h a t  t h i s  s i z e  

1 
1 
1 
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shou ld  be w e l l  below the b l o c k i n g  area f o r  Mach number 3. T h i s  was 

v e r i f i e d  as the tunnel  r a n  n i c e l y  w i t h  the model i n s t a l l e d  and no 

b l o c k i n g  tendencies occurred. Sch l ie ren  and shadowgraph v iewing  o f  t h i s  

model p r o v i d e d  such i n f o r m a t i o n  as l o c a t i o n  o f  r e f l e c t e d  nose shock wave 

w i t h  respec t  t o  wake, t r a n s i t i o n  l o c a t i o n ,  and model f l o w  b l o c k i n g  

c h a r a c t e r i s t i c s .  

S c h l i e r e n  observa t ion  o f  the f l o w  around the  base r e g i o n  showed 

t h a t  the  3/4- in .  diameter s t i n g  was very  i n f l u e n t i a l  i n  de termin ing  

t h e  wake f l o w  geometry, as were the r e f l e c t i o n s  o f  the  nose shock o f f  

the tunnel  w a l l .  F i g u r e  169 i s  a s c h l i e r e n  photograph showing improper 

wake f l o w  as a r e s u l t  o f  these combined e f f e c t s .  The s c h l i e r e n  

photographs showed t h a t  i t  would be o f  i n t e r e s t  t o  be a b l e  t o  examine 

the  e n t i r e  f l o w  f i e l d  about the model. P l e x i g l a s  windows o f  l a r g e  

enough diameter t o  a l l o w  v i s u a l i z a t i o n  o f  the e n t i r e  model and ad jacent  

wake f l o w  f i e l d  were i n s t a l l e d  i n  the tunnei .  Subsequeiii I--+- I C 3 1 5  . * - ’ - -  u 5 l i l y  

t h i s  technique r e s u l t e d  i n  shadowgraph f l o w  p i c t u r e s  such as F i g u r e  16b. 

I n  an at tempt  t o  improve f low c o n d i t i o n s  i n  the  wake, one inch  was 

cut o f f  the r e a r  o f  the modei and i t  was c s n t . l ! e v e r  rnwnted t o  one o f  

t h e  P l e x i g l a s  windows t o  a l l o w  removal o f  the  s t i n g .  A v iew o f  t h i s  

I n s t a l l a t i o n  i s  shown as F i g u r e  17. These e f f o r t s  r e s u l t e d  i n  p roper  

wake f l o w  over  the  e n t i r e  Reynolds number range (see F i g u r e  181. 

4.1.3 The Development o f  Proper Wake Flow 

I n  the s t a r t i n g  process descr ibed by Chapman (781, the  f i n a l  

e q u i l i b r i u m  c o n d i t i o n s  a r e  ob ta ined when a balance i s  reached between 

t h e  scavenged mass f l o w  and the reversed mass f low. Accord ing t o  the  

t h e o r y  o f  Crocco and Lees (191, d is tu rbances  i n s e r t e d  i n t o  the f l o w  

downstream o f  the wake t h r o a t  would no t  i n f l u e n c e  the  wake f low. They 

s t a t e  t h a t  any d is tu rbances  upstream o f  the  wake t h r o a t  would i n f l u e n c e  

t h e  f l o w  and would c r e a t e  h igher  base pressures.  A measure o f  t h i s  

phenomenon i s  the minimum dis turbance length.  Van H i s e  (691 found 

d is tu rbance length  by two methods. One was the i n s e r t i o n  o f  a probe 

downstream and gradual  movement fo rward  u n t i l  d is tu rbances  were noted. 

The o t h e r  was by ex tend ing  the s t r a i g h t  p o r t i o n  o f  the t r a i l i n g  shock 



waves on s c h l i e r e n  photographs and measur ing the d i s t a n c e  from t h e i r  

i n t e r s e c t i o n  t o  the  base. T h i s  l a t t e r  method was used f o r  the  present  data. 

A l l  measurements made d u r i n g  the f i r s ?  phase were f o r  the case o f  

a smooth model sur face.  I t  was bound t h a t  t o  ge t  f c l l y  t u r b u l e n t  f l o w  I n  

the wake a Reynolds number o f  t h e  o r d e r  o f  4.0 x IO6 was r e q u i r e d .  

f u r t h e r  assurance, t h e  m a j o r i t y  o f  the  data were taken a t  a Reynolds 

number o f  6.7 x IO . When the exper iments were resumed i n  the new 

i n s t a l l a t i o n  i t  was d iscovered t h a t  sand b l a s t i n g  had roughened the 

s u r f a c e  t o  such an e x t e n t  t h a t  c o n d i t i o n s  o f  the  e a r l y  exper iments c o u l d  

be d u p l i c a t e d  a t  a lower Reynolds number (2.75 x 10 1 .  Dis turbance l e n g t h  

data f o r  t h e  model i n  a roughened c o n d i t i o n  a r e  presented as F i g u r e  19 

and shown f o r  comparison are  the data o f  Van H i s e  taken over  t h e  t r a n s i t l o ? -  

al regime. I t  can be seen t h a t  i t  f a i r s  n i c e l y  i n t o  t h e  rough s u r f a c e  da ta  

which a r e  most ly  t u r b u l e n t  and o n l y  p a r t i a l l y  t r a n s i t i o n a l .  

For 

6 

6 

The c r i t e r i a  o f  the s t a r t i n g  process a r e  more severe than when f l o w  

i s  f u l l y  estab l ished.  D u r i n g  the i n i t i a l  phases o f  the s t a r t i n g  process  

the wake t h r o a t  i s  l o c a t e d  downstream pas t  i t s  e q u i l i b r l u m  p o s i t i o n .  

Because o f  the scavenging e f f e c t  o f  the shear l a y e r s  on the  a i r  con ta ined 

i n  the c i r c u l a t i o n  zone, p o r t i o n s  o f  t h i s  dead a i r  are t r a n s p o r t e d  down- 

stream. T h i s  causes a drop i n  base pressure  which e f f e c t i v e l y  c r e a t e s  a 

l a r g e r  Prandt l -Meyer expansion angle. The l a r g e r  ang le  o f  t u r n i n g  inc reases  

the v e l o c i t l e s  i n  the shear layers ,  which i n  t u r n  increases the  scavenging 

a c t i o n  and lowers the base pressure  even f u r t h e r ,  The f i n a l  base pressure  

o b t a i n e d  i s  a f u n c t i o n  o f  the balances between t h e  mass f l o w  scavenged 

from the r e c l r c o l a t f o n  zone and the mass f l o w  r e v e r s e d  because o f  the  

adverse downstream pressure  grad ien t .  As t h e  t h r o a t  moves c l o s e r  t o  the  

base, t h e  angle o f  the  t r a i l i n g  shock wave increases. T h i s  inc rease i n  

back pressure  makes i t  more d i f f i c u l t  f o r  the  scavenged a i r  t o  proceed 

downstream. E q u i l i b r i u m  i s  reached when t h e  scavenging a c t i o n  1s e x a c t l y  

balanced by t h e  r e v e r s i n g  a c t i o n  ( F i g u r e  2 0 ) .  Dis turbances  c r e a t e d  by 

the  presence of  a probe OF shock wave a r e  sometimes s t r o n g  enough t o  

prevent  passage o f  t h i s  excess mass ou t  of the  "dead a i r t g  r e g i o n  and the 

base pressure  does n o t  reach i t s  p roper  e q u i l i b r i u m  value. 
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The wake s t a r t i n g  process i s  i n  some ways analogous t o  t h e  

s t a r t i n g  process o f  a supersonic w ind  tunnel .  To swal low the  normal 

shock wave i t  i s  necessary t o  open the downstream t h r o a t  t o  some 

va lue  depending on the  t e s t  s e c t i o n  Mach number and s ize .  A f t e r  t h e  

a d d i t i o n a l  mass c r e a t e d  by the  movement o f  the shock wave has passed 

downstream o f  the t h r o a t  i t  i s  p o s s i b l e  t o  c l o s e  the  t h r o a t  down t o  a 

s i z e  which approaches the f i r s t  t h r o a t  s ize .  An ana!ogous s i t u a t i o n  

e x i s t s  i n  t h e  base f l o w  s t a r t i n g  process. I n  o r d e r  t o  lower the  base 

pressure,  the excess mass i n  the dead  a i r  r e g i o n  has t c  be scavenged 

and passed downstream. Once the wake has c losed,  the e f f e c t s  o f  v a r i o u s  

d is tu rbances  are  not  as r e a d i l y  sensed. 

Wi th the e a r l y  probe ho lder  c o n f i g u r a t i o n  i t  was found t h a t  t h e  

presence o f  the probe anywhere i n  the wake r e g i o n  d u r i n g  the  s t a r t i n g  

process had such a s t r o n g  i n f l u e n c e  on the  f l o w  f i e l d  t h a t  p roper  wake 

$lot>! ceu!c! IC? he cstab!ished, Figure  71a i s  a s c h l i e r e n  photograoh 

showing base f l o w  n o t  e s t a b l i s h e d  because o f  the  presence o f  the  probe. 

I t  was u s u a l l y  necessary t o  move the probe h o l d e r  above an imaginary 

h o r i z o n t a l  l i n e  ex tend ing  from t h e  upper s u r f a c e  o f  the  model i n t o  t h e  

wake reg ion .  A t  a c e r t a i n  c r i t i c a l  p o s i t i o n  the  wake f l o w  would 

e s t a b l i s h  and i t  was then p o s s i b l e  t o  move the probe down i n t o  the  

r e c i r c u l a t i o n  r e g i o n .  The probe c o u l d  then be moved i n t o  p r a c t i a l l y  

any p o s i t i o n  i n  the  shear l a y e r s  o r  r e c i r c u l a t i o n  zone w i t h o u t  

d i s t u r b i n g  the  f l o w  t o  any large ex ten t .  T h i s  was proven b y  s c h l i e r e n  

observa t ions  and the base pressure data. Wi th  the  improved probe 

h o l d e r  c o n f i g u r a t i o n  (see Appendix), d is tu rbances  near the  wake t h r o a t  

were reduced and shockwaves from the  probe were min imized t o  such an 

e x t e n t  t h a t  flow c o u l d  be e s t a b l i s h e d  and main ta ined w i t h  t h e  probe i n  

any d e s i r e d  p o s i t i o n .  F igure  21b i s  a s c h l i e r e n  photograph showing 

u n d i s t u r b e d  base f l o w  w i t h  the improved p r o b i n g  c o n f i g u r a t i o n .  

4.1.4 Flow V i s u a l i z a t i o n  

4.1.4.1 Spark Sch l ie ren  Photography 

A s e r i e s  o f  r u n s  were made i n  which the tunnel  u n i t  Reynolds number 

was changed by v a r y i n g  the s tagnat ion  pressure  f rom 30 in.  Hga t o  130 in.  

Hga. Base pressure  measurements were made and s c h l i e r e n  photographs 
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( F i g u r e  221 o f  one power m a g n i f i c a t i o n  were taken over t h i s  range f o r  

increments i n  s tagnat ion  pressure  o f  10 in .  Hga. 

4.1.4.2 Fastax Schf i e r e n  Photography 

High speed Fastax p i c t u r e s  were taken a t  a f i l m  speed o f  3500 frames 

p e r s e c m d  t o  determine the e x i s t e n c e  o f  any p o s s i b l e  f l o w  f l u c t u a t i o n s  

and t a  v iew the s t a r t i n g  process i n  more d e t a i l .  I n  a d d i t i o n ,  b l a c k  and 

w h i t e  a n d ' c o l o r  s c h l i e r e n  movies were taken a t  a a t m a r  f i l m  speed o f  

32 frames p e r  second u s i n g  a Bolex motor d r i v e n  camera. 

The wake s t a r t i n g  process i s  shown c e a r l y  on 9 frames taken from 

the  Fastax movies over a 40 m i l l i s e c o n d  t me p e r i o d  ( F i g u r e  231. These 

frames show that  wake f l o w  i s  f u l l y  es tab  ished approx imate ly  15-20 

m i l l i d e c o n d s  a f t e r  supersonic  f l o w  e x i s t s  a t  the  forebody shoulder.  

Viewing o f  the  complete movie shows no i n d i c a t i o n  o f  f l o w  f l u c t u a t i o n .  

No evidence o f  wake tgbreathinggg as  r e p o r t e d  f o r  c a v i t i e s  i n  Reference 12 

can be seen and i t  i s  f e l t  t h a t  once wake f l o w  i s  e s t a b l i s h e d ,  the f l o w  

boundar ies remain unchanged w i t h  time. 

4.1.4.3 M i c r o s c h l i e r e n  Photography 

An 8-power m a g n i f y i n g  s c h l i e r e n  system was i n s t a l l e d  t o  o b t a i n  

a d d i t i o n a l  i n f o r m a t i o n  r e g a r d i n g  l o c a l i z e d  p o r t i o n s  o f  the f l o w  f i e l d .  

F i g u r e  24a shows the  m i c r o s c h l i e r e n  equipment i n s t a l l e d  f o r  the  m a g n i f i e d  

f l o w  v i s u a l i z a t i o n  and F i g u r e  24b shows the  l o c a t i o n s  a t  which the  mic ro-  

s c h l i e r e n  photographs were taken. Several  photographs were taken a t  

v a r i o u s  l o c a t i o n s  i n  the boundary l a y e r  and shear layers.  F i g u r e  24c 

shows a m i c r o s c h l i e r e n  photograph o f  t h e  f l o w  s e p a r a t i n g  f rom t h e  model, 

F i g u r e  246 i s  a photograph o f  the  wake t h r o a t  r e g i o n ,  and F i g u r e  24e 

shpwg an enlarged v iew o f  the boundary l a y e r  on t h e  model. 

4.1.4.4 O i l  S t r e a k l i n e  Photography 

Normal ly  the r u n s  were made by pass ing  the  tunnel  a i r  through an 

upstream f i l t e r  i n  the a i r  supply  system. T h i s  was done t o  f i l t e r  o u t  

o i l  and dust  p a r t i c l e s  conta ined i n  the  f low. On one o f  the  p r e l i m i n a r y  

r u n s  the a i r  f i l t e r s  were not  used. A f t e r  r u n n i n g  f o r  about 1/2 hour,  

the o i l  accumulat ions s t a r t e d  coming down t h e  tunnel ,  and f i n a l l y  reached 
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t h e  windows o f  the t e s t  sec t ion ,  The o i l  l i n e s  then t r a c e d  pa ths  on 

the windows r e p r e s e n t a t i v e  o f  the ac tua l  f l o w  st reaml ines.  The e f f e c t s  

o f  the Prandtl-Meyer expansion over the base can be seen and o b s e r v a t i o n  

o f  the  f l o w  i n  t h e  wake shows several  o f  the  s t r e a m l i n e s  r e v e r s i n g  i n t o  

the r e c i r c u l a t i o n  zone. F i g u r e  25 shows the  o i l  s t r e a k l i n e s  i n  the base 

reg ion .  An i n t e r e s t i n g  phenomenon can be seen o c c u r r i n g  s l i g h t l y  up- 

stream o f  the downstream shock waves. Regions o f  double r e v e r s a l s  i n  

the f l o w  d i r e c t i o n  can be seen i n  the  f l o w  between the l i p  shack wave 

and the shear layers.  No exp lanat ion  can be presented f o r  these r e v e r -  

sa ls .  I t  must be r e a l i z e d ,  however, t h a t  f l o w  p a t t e r n s  on the windows 

can be i n f l u e n c e d  by d is turbances which a r e  no t  f e l t  i n  the  two-dimen- 

s i o n a l  p o r t i o n  o f  the f low. 

4.1.4.5 Co lor  Sch l ie ren  Photography 

C u r l y  nna c f  the r i i n s  t h e  usual  k n i f e  edae assembly was r e p l a c e d  

b y  a s e r i e s  o f  c o l o r e d  f i l t e r s  and the  mercury l i g h t  source was r e p l a c e d  

by a z i r c o n  w h i t e - l i g h t  source. Examinat ion o f  the  c o l o r  s c h l i e r e n  

photographs showed deta I s  n o t  v i s i b l e  u s i n g  o r i d i n a r y  b l a c k  and w h i t e  

techniques. I t  i s  f e l t  t h a t  much u s e f u l  i n f o r m a t i o n  can be ob ta ined 

u s i n g  c o l o r  s c h l i e r e n  a though the exposures have t o  be o f  much longer  

d u r a t i o n  (approx imate ly  1/25 sec. as compared t o  IO p sec), which can 

reduce the sharpness. 

4. I .5 Boilndary Layer rWasurements 

Simultaneous p r o b i n g s  o f  t o t a l  temperature and impact pressure were 

made on the upper sur face  o f  the model t o  determine the c o n d i t i o n  o f  t h e  

s e p a r a t i n g  boundary l a y e r  and to  p e r f e c t  the p r o b i n g  techniques. These 

p r o b i n g s  were made adjacent  t o  the l a t e r a l  r a y  o f  s t a t i c  p ressure  taps  

u s i n g  the probe shown i n  F igures  A5 and A 6  o f  the  Appendix and the  

t r a v e r s i n g  mechanism descr ibed i n  Sec t ion  4.3.2. T h i s  in fo rmat ion ,  

combined w i t h  the s t a t i c  pressure read ings  ob ta ined from the  sur face  taps, 

was s u f f i c i e n t  t o  o b t a i n  en tha lpy  and v e l o c i t y  p r o f i l e s  through the  

boundary I ayer. 
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F i g u r e  26a shows the  uncor rec ted  t o t a l  temperature v a r i a t i o n  

through the boundary l a y e r  and F i g u r e  26b presents  da ta  c o r r e c t e d  f o r  

Reynolds numbcr e f f e c t  (see Appendix),  The p l o t  shows the  f a m i ! i a r  

nethelpy bump" w h l t h  i s  charac ter lsZTc o f  boundary l a y e r  f l o w s  w i t h  the  

w a l l  a t  recovery temperature, 

The de terminat ion  a4 l o c a l  va lues of Mach number through the  boundary 

l a y e r  was made u s i n g  the  Ray le igh  p j t o t  tube e q u a t i o n  a long w i t h  measure- 

ments o f  impact p ressure  ( F i g u r e  27e) and s u r f a c e  s t a t i c  pressure.  F i g u r e  

27b shows the Mach number v a r i a t i o n  through the boundary layer .  The Mach 

number 'at  the edge o f  the boundary l a y e r  (2.95) agrees w i t h  t h e  v a l u e  
.-.,, " 

c a l c u l a t e d  by t a k i n g  i n t o  account the t o t a l  p ressure  loss  across the  

model nose shock wave w i t h  a f r e e  stream Mach number o f  3. Normal ized 
I ,  

v e l o c i t y  data c a l c u l a t e d  from the Mach number d i s t r i b u t i o n  f o l l o w e d  a 

1/7 power law, which 1s c h a r a c t e r i s t i c  o f  a t u r b u l e n t  boundary layer .  

See a l s o  Sect ion 4.3,3,3 where i t  i s  shown t h a t  t h e  r a t e  of  spreading o f  

the  shear layer  i s  l i n e a r ,  which i s  c o n s i s t e n t  w i t h  t u r b u l e n t  m i x i n g  l a y e r  

theory.  _, 

The s t a t i c  p ressure  taps  p laced a long the upper sur face  and base o f  

the model (see F igure  I O )  were used t o  a i d  i n  the  d e t e r m i n a t i o n  o f  the 

e x t e n t  o f  two-dimensional f l o w  over  the  r e a r  of the  model. Plots o f  

these s t a t i c  pressure d i s t r i b u t i o n s  were examined t o  d e t e c t  any d i s t u r b -  

ances t h a t  wculd detP-act from the two-dimensional c h a r a c t e r  o f  t h e  f low, 

Chapman, Kuehn and Larson ( 6 7 )  used s t a t i c  p ressure  measurements t o  

show t h a t  f a r  two-dimensional channel-spanning models a t  Mach numbers 

ab6ve 2.3 the f l o w  was e s s e n t i a l l y  two-dimensional over  the m i d d l e  p o r t i o n  

of  t h @  model. They a l s o  found t h a t  w i t h  or w i t h o u t  end p l a t e s  the s t a t i c  

p ressure  d i s t r i b u t i o n s  d i d  not  change. 

t o  a i d  ' in de terminat ion  o f  the two-dimensional f l o w  r e g i o n .  

O i l  f i l m  methods were a l s o  used 

.~ 
On rearward- fac ing  s tep  models G i n w  (791 found evidence o f  th ree-  

dimensional  4 1 0 ~ .  He made these three-dimensional f low p e r t u r b a t i o n s  

v i s i b l e  by use o f  an azobenzene technique. The p e r t u r b a t i o n s  were n o t i c e d  
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p a r t i c u l a r l y  i n  the t r a n s i t i o n a l  f l o w  regime and i n  e a r l i e r  work he 

a l s o  observed evidence o f  three-dimensional  f l o w  p e r t u r b a t i o n s  i n  

t u r b u l e n t  f l o w  u s i n g  an o i l  f i l m  on the  s u r f a c e  downstream o f  the  step. 

Czarneck! and Schue l le r  (801 i n v e s t i g a t e d  i n t e r a c t i o n  e f f e c t s  

a r i s i n g  f rom s i d e  w a l l  boundary l a y e r s  i n  supersonic  w ind  tunnel  t e s t s  

on a i r f o i l s .  They found t h a t  these d is tu rbances  would spread t o  a 

cons iderab le  d i s t a n c e  from the  tunnel  w a l l ,  p a r t i c u l a r l y  on s u r f a c e s  

where the Mzch number apprnaches unity, These d is tu rbances  propogated 

from the j u n c t u r e  between the model and tunnel  w a l l  a long a wave i n -  

c l i n e d  a t  an angle s l i g h t l y  g rea ter  than the Mach angle f o r  the l o c a l  

stream. 

ances depends t o  a l a r g e  ex ten t  on the r a t i o  o f  maximum model th ickness  

t o  tunnel  w a l l  boundary l a y e r  th ickness. When the  model i s  l a r g e  

compared t o  the boundary l a y e r  t h i c k n e s s  the  magnitude of t h e  d i s t u r b -  

ances may be r e l a t i v e l y  smal l .  

They found a l s o  t h a t  the magnitude o f  t h e  pressure  d i s t u r b -  

From data o f  Dorrance (81)  i t  was c a l c u l a t e d  t h a t  t h e  d is tu rbance 

l i n e s  a r i s i n g  f rom t h e  edges of the  nose o f  the  model would d i v i d e  t h e  

model sur face  area such t h a t  approx imate ly  60% o f  the model s u r f a c e  

c o u l d  be considered as under two-dimensional f l o w  c o n d i t i o n s .  T h i s  

p r e d i c t s  t h a t  a I - i n c h  s e c t i o n  o f  t h e  model base would be two-dimen- 

s i o n a l .  Czarneck i 's  c r i t e r i o n  i n d i c a t e s  t h a t  o n l y  the  m i d d l e  one-hal f  

i n c h  would be under two-dimensional f l o w  c o n d i t i o n s .  Accord ing t o  our  

measurements bo th  o f  these es t imates  would appear t o  be q u i t e  conserva- 

t i v e .  The s t a t i c  pressure data showed t h a t  a t  l e a s t  the midd le  o n e - t h i r d  

o f  the model was i n  two-dimensional f low. I t  i s  f e l t  t h a t  i n  the r e g i o n  

where the heat  t r a n s f e r  da ta  were taken the f l o w  was d e f i n i t e l y  two- 

dimensional  ( F i g u r e  9). The heat t r a n s f e r  data tend t o  c o n f i r m  t h i s  

observat ion.  

4.2 Base Pressure Measurements 

4.2.1 Genera I 

The base pressure  measurements were taken n o t  o n l y  t o  o b t a i n  t h e i r  

v a r i a t i o n  over the Reynolds number range bu t  a l s o  t o  d e t e c t  the Reynolds 
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number a t  which f u l l y  t u r b u l e n t  f l o w  was o c c u r r i n g  i n  the base reg ion .  I n  

a d d i t i o n ,  these r e a d i n g s  were c o n t i n u o u s l y  mon i to red  d u r i n g  t h e  p r o b i n g  

r u n s  t o  deterrn?ne whether the probes were d i s t u r b i n g  the r e c l r c u l a t i o n  

zone f l o w  process. 

D u r i n g  the e a r l y  r u n s  the base pressures were measured on a mercury 

manometer board but ,  t o  o b t a i n  g r e a t e r  accuracy, a l l  f i n a l  r u n s  were made 

u s i n g - a  9- foo t  s i l i c o n e  o i l  board ( F i g u r e  28).  T h i s  Increased the 

r e a d i n g  accuracy by an o r d e r  o f  magnitude and r e s u l t e d  i n  a c o n s i d e r a b l e  

improvement i n  the r e p r o d u c i b i l i t y  o f  the  measurements. 

A l l  base pressure data are p resented  i n  the form o f  r a t i o  o f  base 

pressure  t o  model s u r f a c e  s t a t i c  p ressure  as a f u n c t i o n  o f  Reynolds 

number, which i s  eva lua ted  a t  c o n d i t i o n s  e x i s t i n g  a t  the  o u t e r  edge o f  

the boundary layer  a t  the r e a r  o f  the  model. A t  t h i s  l o c a t i o n  the  Mach 

number Is 2.95 and the  wet ted  d is tance,  s ,  i s  8.19 inches. The tunnel  

u n i t  Reynolds number was v a r i e d  by changing the  s t a g n a t i o n  pressure.  

4.2.2 V a r i a t i o n  o f  Base Pressure Wi th  Reynolds Number 

The d a t a  ob ta ined d u r i n g  the present  i n v e s t i g a t i o n  are  compared w i t h  
, I  

o t h e r  a v a i l a b l e  data f o r  comparable shapes and n e a r l y  equal Mach numbers 

i n  F i g u r e  29. Immediate ly  ev ident  i s  the wide d ivergence t h a t  can e x i s t  

i n  base pressures f o r  s i m i l a r  model c o n f i g u r a t i o n s  i n  t h e  t rans i f ! iona l  

f l o w  regime w h i l e  i n  the  f u l l y  t u r b u l e n t  f l o w  regime they tend t o  agree 

more c l o s e l y .  T h i s  tends t o  c o n f i r m  t h a t  shear l a y e r  t r a n s i t i o n  l o c a t i o n  

e x e r t s  a s t rong i n f l u e n c e  on the  f l o w  f i e l d .  When t r a n s i t i o n  f i n a l l y  

moves forward on the model sur face,  the base f l o w  appears t o  " f o r g e t "  

what has happened p r e v i o u s l y ,  and t r a n s i t i o n  l o c a t i o n  does n o t  domfnate 

the f l o w  process. 

The data of  Van H i s e  (69)  agree q u i t e  c l o s e l y  w i t h  t h e  present  

measurements w h i l e  the  data o f  Holder  and Gadd ( 1 8 )  and Charwat and 

Yakura 131) are c o n s i d e r a b l y  lower. The c l o s e d  symbols r e p r e s e n t  da ta  

ob ta ined d u r i n g  the first phase o f  the  program w i t h  a smooth model 

sur face  roughened by s a n d b l a c t i n g  and correspond t o  t h e  d is tu rbance 

length  da ta  o f  F i g u r e  19. 
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Presented a l s o  f o r  ccmperlson i s  t he  theo ry  o f  K o r s t  (28) .  Most 

o f  t h e  exper imente l  data f a l l  below t h e o r e t i c a l  p r e d i c t i o n s .  Assuming 

t r u l y  und is tu rbed  wake f l o w  f o r  a l l  t he  experiments, and as any d i s -  

turbances tei-td :o i nc rease the  base pressure  r a t i o ,  i t  can be 

concluded t h a t  Kors 

h igh .  

One major conc 

cuss ion  i s  t h a t  i t  

' 5  t heo ry  p r e d i c t s  a base pressure  which 

u s i o n  t h a t  can be reached from the  fo rego  

s ex t rz rne ly  d i f f i c u l t ,  i f  nct Impossib!c, 

s S I  i g h t l y  

ng d l s -  

tc! compare 

t r a n s i t i o n a l  da ta  f o r  v a r i o u s  exper imenta l  c o n d i t i o n s  and models w i t h  

d i f f e r e n t  su r face  roughnesses. However, good success can be ob ta ined  

when comparing f u l l y  t u r b u l e n t  data. 

4,2.3 V a r i a t i o n  o f  Base Pressure i n  V e r t i c a l  D i r e c t i o n  

Base pressures  a t  v a r i o u s  v e r t i c a l  s t a t i o n s  were measured over  the  

Reynolds number range covered by the  c e n t e r l i n e  base p ressu re  da ta  o f  

F i g u r e  29. These data a re  presented i n  F igu re  30 w i t h  the  pressure  

normal ized  by d i v i d i n g  by p ( t h e  cenk r l  ;ne pressure) .  The da ta  f o r  

E ! !  Reynolds numbers show a maximum a t  the c e n t e r l i n e  w i t h  a s l i g h t  

decrease i n  the  v e r t i c a l  d i r e c t i o n .  A minimum i s  reached a t  a v e r t i c a l  

p o s i t i o n  represented  by = 0.620. The pressure  then s t a r t s  t o  inc rease 

toward the corner .  The f i g u r e  also shows t h a t  the  base p ressu re  g r a d i e n t  

inc reases  w i t h  i nc reas ing  Reynolds number. As the  maximum v a r i a t i o n  i n  

base pressure  measured i s  o f  the o rde r  o f  536, one might  q u e s t i o n  t h e  

assumption t h a t  the base pressure i s  s e n s i b l y  cons tan t  over  a two- 

dimensional base. 

b5 

H 

Cherwab and Yakura (31) found no s i g n l f j c a n t  v a r i a t i o n s  i n  base 

p ressu re  i n  the v e r t i c a l  d l r e c t i o n  a long the  base e i t h e r  i n  t h e  t u r b u l e n t  

o r  i n  the laminar  regime. They found t h i s  a l s o  t o  be t r u e  f o r  p ressu re  

a l o n g  the  c e n t e r l i n e  i n  the  r e c i r c u l a t i o n  zone except near the  recompress ion 

r e g i o n .  They thtis corc luded tha t  the  two-dlmensional wake i s  i s o b a r i c .  

C e n t e r l i n e  s t a t i c  p ressure  data p resented  h e r e i n  show a g r a d i e n t  i n  the  

a x i a l  d i s t r i b u t i o n  ( S e c t i o n  4.3.41, 
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F u l l e r  and Re id  (821 performed base pressure  measurements on two- 

dimensional  bodies a t  Mach number 2.4, bo th  w i t h  and w i t h o u t  exhaust ing  

j e t s .  A t  a Reynolds number o f  3.24 x 10 p e r  f o o t  w i t h  a r a t i o  o f  momen- 

t u m  t h i c k n e s s  t o  s4ep h e i g h t  o f  0,008 tt iey found t h a t  the  base pressure  

r a t i o  reached a maximum a: about 0.64 inch  f rom t h e  i n s i d e  corner .  The 

pressure r a t l o  near bo th  edges o f  the s tep  was about 0.355 w h i l e  a t  the  

maximum i t  was 0.370 which i s  an Increase o f  approx imate ly  4 percent .  

6 

The exper imental  p o i n t s  i n  F i g u r e  30 a t  = 0.207 f o r  Reynolds 

numbers o f  6.43 x I O  and 7.02 x I O  were s l i g h t l y  i n  doubt and f o r  t h a t  

reason the  connect ing l i n e s  t o  the  two ad jacent  s t a t i o n s  a r e  dashed. As 

the pressure  grad ien t  can be d i r e c t l y  r e l a t e d  t o  the v e l o c i t y  g r a d i e n t  

by use o f  the  momentum equat ion,  i t  can be seen t h a t  the  v e l o c i t y  g r a d i e n t  

a t  the  c e n t e r l i n e  a l s o  shows a v a r i a t i o n  w i t h  Reynolds number. These 

data were used t o  c a l c u l a t e  base heat t r a n s f e r  u s i n g  s t a g n a t i o n  p o i n t  

theory  (see Sect ion 4.4.3.2). 

6 6 

4.3 Recirculation Zone Prob ing  Runs 

4.3. I General 

A s e r i e s  o f  p r o b i n g  measurements were c a r r i e d  o u t  t o  compliment the  

heat t r a n s f e r  and base pressure  measurements and t o  p r o v i d e  d e t a i l e d  

i n f o r m a t i o n  p e r t a i n l n g  t o  v a r i o u s  p o r t i o n s  o f  the t o t a l  f l o w  f i e l d .  

F i g u r e  31 shows the 20-power b i n o c u l a r  microscope which was used f o r  

p o s i t i o n i n g  the probes i n  the  boundary l a y e r  and base reg ion .  

4.3,2 Probe P o s l t l o n i n g  Device 

To a l l o w  prob lngs  i n  the  v a r i o u s  r e g i o n s  o f  i n t e r e s t ,  a s p e c i a l  

probe p o s i t i o n i n g  dev ice  was designed and cons t ruc ted .  

the  angle o f  a t t a c k  and the v e r t i c a l  end l o n g i t u d i n a l  p o s i t i o n s  o f  t h e  

probe c o u l d  be a c c u r a t e l y  a d j u s t e d  d u r i n g  o p e r a t i o n  o f  t h e  tunnel .  The 

i n t e r n a l  d r i v e s  o f  the t r a v e r s i n g  mechanisms a r e  composed o f  micrometer  

components i n s e r t e d  i n  low-drag housings. The gears f o r  the ang le  o f  

a t t a c k  components a re  enc losed I n  a s p e c i a l  chamber no t  exposed t o  the 

f low. The probe positioning dev ice  and the  f i r s t  shear l a y e r  probe 

i n s t a l l e d  i n  the tunnel  a r e  shown i n  F i g u r e  32a and the d e t a i l s  o f  t h e  

W i t h  t h i s  dev ice  
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probe a c t u a t i n g  mechanism a r e  shown as F i g u r e  32b. 

were taken, t h e  pcsi :?onlng mechan!sm d i d  not  have the a x i a l  t r a v e r s i n g  

component. The micromgter d r i v e  assembly f o r  t h i s  component i s  ac tua ted  

by a f l e x i b l e  s h a f t .  T h i s  mechanism w i t h  a probe i n s t a l l e d  i s  shown i n  

F i g u r e  32c. 

When these photographs 

4.3.3 Shear Layer Measurements 

4.3.3.1 Temperature Data 

Simultaneous measurements o f  t o t a l  temperature, Impact pressure,  and 

s t a t i c  p ressure  were made through the  shear l a y e r  a t  two l o c a t i o n s  u s i n g  

t h e  probe shown i n  F i g u r e  A6 of the  Appendix. T h i s  probe i n s t a l l e d  i n  

the tunnel  i s  shown i n  F i g u r e  32a. These p r o f i l e s  were made a t  a 

Reynolds number o f  6.7 x IO . The zero  o r d i n a t e  l o c a t i o n s  f o r  t h e  two 

p r o b i n g  s t a t i o n s  a r e  shown on F igure  A 1 0  o f  the  Appendix. The probe 

p o s i  i i o n i n g  mechanism was used i o  a i  i y i i  t h e  probes w i t h  the  f !  cw end 

v i s u a l  guidance was p r o v i d e d  by s c h l i e r e n  observat ion.  Only  the  tempera- 

t u r e  data a r e  presented f o r  these runs. 

6 

F l g u r e  33 shows uncorrected and c o r r e c t e d  v a r i a t i o n s  o f  t o t a l  

temperature through the  shear l a y e r  a t  the two s t a t i o n s .  The shapes o f  

these curves a r e  somewhat s i m i l a r  t o  data ob ta ined by Charwat and Yakura 

( 3 1 ) .  P a r t s  b l  and d l  o f  the f i g u r e  show the t o t a l  temperature da ta  

c o r r e c t e d  f o r  Mach number and Reynolds number e r r o r .  The p l o t s  show 

an e n t h a l p y  de fec t  near the inner p o r t i o n  b u t  do no t  d i s p l a y  an e n t h a l p y  

excess a t  the o u t e r  edge as i s  common f o r  a t tached boundary layers .  The 

measurements i n d l c a t e  a mean r e c i r c u l a t i o n  zone recovery  f a c t o r  o f  

0.955 ( S e c t i o n  4.3.5).  

4.3.3.2 Pressure Data 

A d d i t i o n a l  measurements of impact p ressure  and s t a t i c  p ressure  

were made through the shear layer  u s i n g  a new probe and t h e  m o d i f i e d  probe 

p o s i t i o n i n g  rnechanlsm. 

4.30 x I O  w i t h  a roughened forebody. The m o d i f i e d  probe shown i n  

F i g u r e  A6 of :he Appendix had impact p ressure  tubes f a c i n g  b o t h  forward 

These runs  were made a t  a Reynolds number o f  
6 
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and rearward  w i t h  a s t a t i c  tap l o c a t e d  a t  the center .  W i t h  t h i s  probe 

s imul taneous rearward and forward r e a d l n g s  o f  impact p ressure  as w e l l  as 

s t a t i c  pressure c o u l d  be obtained. I t  i s  f e l t  t h a t  o n l y  l i m i t e d  r e l l a n c e  

can be p laced on the  s t a t i c  p ressure  da ta  as the tap  placement and pr'obe 

a r e  n o t  optimum f o r  t h i s  type  o f  measurement. E i g h t  p r o f i l e s  o f  impact 

p ressure  and s t a t i c  p ressure  were o b t a i n e d  u s i n g  t h i s  m o d i f i e d  probe. 

p r o r ' f l e  d a t a  were machine reduced on an LGP-30 computer. Presented i n  

t h i s  r e p o r t  are da ta  f o r  t h r e e  p r o f i l e s  ob ta ined by t r a v e r s e s  perpendi -  

c u l a r  t o  t h e  shear l a y e r  f l o w  direction w i t h  the probe a l i g n e d  w i t h  the 

f l o w  d i r e c t i o n .  The l o c a t i o n s  o f  the prob ings  a r e  shown i n  F i g u r e  34 

which i n d i c a t e s  bo th  the  s t a r t i n g  and ending p o i n t s  o f  t h e  t raverses.  

As the  probe measures bo th  fo rward  and rearward  impact pressures,  two 

s imul taneous p r o f i l e s  were ob ta ined w i t h  each t raverse .  For each run, 

the n o t a t i o n  " f "  des ignates the fo rward  f a c i n g  probe, and Vn designates 

the rearward  probe, w i t h  a d i s t a n c e  o f  0.32 inch  between the  probe ends. 

For a l l  r u n s  the p r o b i n g  s t a t i o n ,  x, i s  measured from the  base upper 

corner  t o  the  l i n e  o f  t raverse ,  p a r a l l e l  t o  the probe (shear  l a y e r )  

angle and perpend icu la r  t o  the t raverse .  

The 

The prob ing  data a r e  presented i n  groupings o f  t h r e e  f o r  each r u n  

( F i g u r e  351. The f i r s t  f i g u r e  f o r  each r u n  presents  t h e  fo rward  impact 

p ressure  %nd s t a t i c  p ressure  v a r i a t i o n  through the shear layer .  I n c  

also f o r  re fe rence i s  the  base pressure  corresponding t o  each probe 

p o s i t i o n .  The second f i g u r e  shows the  Mach number d i s t r i b u t i o n  and 

t h i r d  i n d i c a t e s  the v e l o c i t y  d i s t r f b u t i o n .  I n c l u d e d  a l s o  a r e  da ta  

ob ta ined from the rearward  facJ(Cng probe f o r  Run 199. 

For  these r u n s  i t  was assumed t h a t  the  streamwfse v a r i a t i o n  I n  

s t a t i c  pressure was n e g l i g i b l e  and meaningful  Mach number da ta  c o u l d  

o b t a i n e d  e l f h e r  f rom t h e  base pressure  o r  the  measured l o c a l  s t a t i c  

pressure.  No calibration was made f o r  the  s t a t i c  probe and, as t h e  

uded 

he 

be 

r e a d i n g s  a r e  probably  i n  e r r o r ,  the da ta  ob ta ined w i t h  t h i s  probe can 

o n l y  be considered q u a l i t a t i v e l y .  However, the  probe does i n d i c a t e  

changes i n  pressure l e v e l  and can be used t o  e v a l u a t e  the  gross  charac- 

t e r i s t i c s  o f  the f l o w  f i e l d .  The second f i g u r e  I n  each group ing  
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compares the  measured s f a t F c  pressure w i t h  fhe base pressure,  w i t h  

the Mach number eva lua ted  f r o m  both pressures.  

D u r i n g  Run 198 a sudden change occur red  i n  base pressure, T h i s  f n  

t u r n  caused the shear i a y e r s  t o  assume a s teeper  angle and the  f l o w  

impinging on the probe was from a h i g h e r  v e l o c i t y  r e g i o n  o f  the shear 

layer .  T h i s  d i s c o n t i n u i t y  i n  the p r o f i l e  i s  shown by the c losed 

p o i n t s  ( F i g u r e  35a, b, c l .  For some reason t h e  shear l a y e r  angle 

aga in  changed t o  i t s  o r i g i n a l  p o s i t i o n  and the  p r o f i i e  was cornpieied. 

T h i s  event p o i n t s  out  one o f  the d i f f i c u l t i e s  encountered i n  making 

p r o b i n g  measurements o f  t h i s  type. The i n t e r r u p t i o n  was not  caused 

by a change i n  tunnel  s tagnat ion  pressure  and a t  the  present  t ime the 

cause i s  unknown. 

Most o f  the data ob ta ined w i t h  the  rearward- fac ing  probes present  

d e f i n i t e  p r o o f  o f  reverse  f low. i n d i c a t i o n s  of  reverse  i i o w  or' :As& 

number and v e l o c i t y  a r e  shown f o r  Run 199, ob ta ined from the rearward-  

f a c i n g  probe. I n  the p o r t i o n  o f  t h e  shear l a y e r  above the  zero 

v e l o c i t y  l i n e  the rearward probe senses a "base" p ressure  and g i v e s  

an erroneous i n d i c a t i o n  o f  Mach number. Below t h i s  l i n e  the  fo rward  

probe g i v e s  a wrong i n d i c a t i o n .  M l s s i n g  p o i n t s  f o r  Run 199 f o r  which 

impact p ressure  data a r e  presented can be e x p l a i n e d  because o f  t h i s .  

4.3 

The v e l o c  

t u r b u  I en: s i m i  

3.3 Comparison of  V e l o c i t y  P r o f i l e  Data w i t h  

Incompress ib le  M i x i n g  Layer Theory 

Py data presented i n  F i g u r e  35 a r e  p l o t t e d  a g a i n s t  the  

a r i t y  parameter a y / x  i n  F i g u r e  36. Shown f o r  comparison 

i s  To l lm ienes  p r e d i c t i o n  f o r  an incompress ib le  j e t  (831. The y 

c o o r d i n a t e  was chosen so as t o  make u /u  = 0.50 a t  CY y /x  = 0. The 

x d i s t a n c e  f o r  each p r o f i l e  s t a t i o n  was measured a long the  shear l a y e r  

and the  y va lues  were measured p e r p e n d i c u l a r  t o  x. Curves f a i r e d  

through the data  are  a l s o  presented f o r  spreading f a c t o r s  (01 o f  10 

and 15. A CY o f  12 f i t s  the data best .  Fo r  subsonic j e t s  a 0 o f  12 i s  

u s u a l l y  best.  The c o r r e l a t i o n  o f  T r i p p  ( 3 9 )  e x h i b i t s  a va lue  o f  24 

f o r  an approach Mach number o f  3.0. The V a s i l j u  (401 c o r r e l a t l o n  

2a 
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p r e d i c t s  a value o f  40. Wi th  t h i s  l a r g e  a discrepancy, f u r t h e r  e x p e r i -  

ments on t h i s  problem a r e  i n  order .  

According .fa fncompressible mix!ng l a y e r  theory,  i t  has been 

assumed t h a t  the va lue  o f  the  "mlx3ng length"  i s  cons tan t  across the 

m i x i n g  zone and the m i x i n g  length  L i s  p r o p o r t l o n a l  t o  the  d i s t a n c e  

f rom the  nozzle, 

where the  constant i s  1- Liepmann and L a u f e r  (321,using a h o t  

w i r e  method, showed t h a t  f o r  supersonic  f l o w s  the  m i x i n g  l e n g t h  i s  n o t  

cons tan t  across the m i x i n g  layer .  

L = cx 

Charwat and Yakura (31)  found t h a t  a CJ o f  20 f i t  t h e i r  supersonic  

data. As CT i s  a measure o f  the  amount o f  turbulence,  they  f e l t  e i t h e r  

t h a t  t h i s  discrepancy was r e l a t e d  t o  the increased stability o f  super- 

s o n i c  j e t s  o r  t h a t  t h e i r  f l o w  was n o t  y e t  f u l l y  t u r b u l e n t .  Cons ider ing  

the p r e s e n t  data, t h e  l a t t e r  reason seems l i k e l y ,  as t h e i r  da ta  were 

taken a t  approx imate ly  the  same Mach number ( 2  and 31. 

Crane (351 showed t h a t  the e f f e c t  o f  compressibility on the  non- 

dimensional  v e l o c i t y  p r o f i l e  can be d l v l d e d  i n t o  two p a r t s .  The f i r s t  

i s  what he c a l l e d  "change o f  scale" which 1s r e l a t e d  t o  d i f f e r e n c e s  i n  

temperature.  The second i s  the e f f e c t  o f  i n c r e a s i n g  Mach number. They 

found t h a t  these two e f f e c t s  p r a c t i c a l l y  c a n c e t l e d  ou t ,  l e a v i n g  the 

p r o f i l e  r e l a t i v e l y  unchanged from %he incompress ib le  case a l though a 

d i f f e r e n t  u may be r e q u i r e d ,  

The spreading f a c t o r  u Is a p r i m a r y  unknown i n  c a l c u l a t i n g  tu rbu-  

l e n t  near-wake heat  f luxes .  A v a i l a b l e  e s t i m a t e s  range f rom 12 t o  40 

f o r  t h e  present s i t u a t l o n ,  A (J o f  12-15 seems t o  f i t  the present  data. 

T h i s  range Is suppor ted by comparisons o f  the p r e s e n t  heat  t r a n s f e r  

data w i t h  the a n a l y t i c a l  p r e d i c t i o n s  o f  K o r s t  (see  F i g u r e  42). We have 

concluded t h a t  a p roper  a n a l y t i c a l  model should i n c l u d e  o n l y  the  low 

speed v a l u e  o f  (J and t h a t  the d imin ished wake th icknesses  ( a s  the Mach 

number increases)  must r e s u l t  from improved t u r b u l e n t  shear s t r e s s  

assumptions. 
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4.3.4 R e c i r c u l a t i o n  Zone Tota l  Pressure Measurements 

Traverses were made through the  r e c i r c u l a t i o n  zone u s i n g  the 

doub le- fac ing  probe shown i n  FIgure A6 of the  Appendix. F i g u r e  A7 

shows a s c h l i e r e n  phc.:sgraph o f  t h i s  prcbe i n  the f l o w  f i e l d .  No 

at tempt  was made t o  a l i g n  the probe w i t h  f l o w  d i r e c t i o n  and a l l  t r a -  

verses were made w i t h  the probe face i n  a h o r i z o n t a l  p lane, F i g u r e  37 

shows data ob ta ined from these t raverses.  I n  some cases the read ings  

a r e  less  than the  s t a t i c  pressure,  d e s i g n a t i n g  f l o w  i n  the oppos i te  

d i r e c t i o n .  

4.3.5 Center1 i n e  Pressure Measurements 

Measurements o f  s t a t i c  pressure and t o t a l  p ressure  were made a long 

t h e  c e n t e r l i n e  o f  the r e c i r c u l a t i o n  zone u s i n g  t h e  recombina t ion  t o t a l  

p ressure  and s t a t i c  p ressure  probe descr ibed i n  the  Appendix. F i g u r e  A 8  

o f  :he P.ppend!x shews ? h i e ;  probe  i n s t a l l e d  on the model. T h i s  probe 

was t raversed downstream f rom the base through the  r e c i r c u l a t i o n  zone 

t h r o a t ,  and i n  so doing, p r o f i l e s  o f  s t a t i c  p ressure  and impact p ressure  

were obtained. 

Reverse f l o w  l o c a t i o n s  are  i d e n t i f i e d  by the r e l a t i o n s h i p  between 

t h e  probe impact p ressure  and the l o c a l  s t a t i c  pressure.  F i g u r e  38 

shows a p l o t  o f  these pressures as a f u n c t i o n  o f  a x i a l  l o c a t i o n .  These 

measurements show r e v e r s e  f l o w  t o  a d i s t a n c e  o f  approx imate ly  one and 

one-hal f  inches downstream o f  the base. When t h e  f low i s  moving down- 

stream, the rearward- fac ing  impact probe senses a "base" p ressure  and 

the va lues so measured a r e  lower than t h e  s t a t i c  pressure.  The model 

base pressure i s  I n d i c a t e d  b y  :he c r o s s  on the o r d i n a t e .  

Assuming no mechanism f o r  d i s s i p a t i o n  o f  t o t a l  pressure,  the 

second s t a g n a t i o n  p o i n t  e x i s t s  where the two pressures a r e  equal. 

Badrinarayanan ( 2 4 )  found s i m i ! a r  r e s u l t s  f o r  bo th  ax isymmetr ic  and 

two-dimensional mode!s. 

4.3.6 Temperature Measurements 

R e e i r c u i a t i o n  zone temperatures were measured a t  t h r e e  v e r t i c a l  

p o s i t i o n s  and f i v e  ! m g i P u d i n a l  s t a t i o n s  u s i n g  t h e  r a k e  descr ibed i n  t h e  
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Appendix. These measurements were made over  a base t o  s t a g n a t i o n  

temperature r a t l o  range of  0,365 t o  0.965 at a Reynolds number o f  4.5 

x IO6 ( F i g u r e  591, 

Temperature data ob ta ined usrng  :he r e c l r e u l a t l o n  zone r a k e  showed 

t h a t  some i n f l u e n c e  O B  w a l l  c o o l i n g  WEIS e x e r t e d  on p o r t i o n s  o f  the 

r e c i r c u l a t i o n  zone downstream toward the  second s t a g n a t i o n  p o i n t ,  a l though 

t h i s  in f luer ,ce d;m;n!shed q u i t e  r a p i d l y .  The da ta  presented i n  F i g u r e  39 

sbow tha t  the r e c i r c u l a t i o n  zone temperature remains a t  approx imate ly  

95 percent  o f  Qaee st ream t o t a l  temperafure,  independent o f  w a l l  c o o l i n g ,  

u n t l l  a l o c a t i o n  approx imate ly  1 i n c h  f rom the base i s  reached, T h i s  i s  

c l o s e  t o  the  dewnstream s t a g n a t i o n  p o i n t ,  as evidenced by o t h e r  measure- 

ments i n  t h l s  r e p o r t .  Because o f  t h e  r e v e r s e  f low,  the r e c i r c u l a t i o n  

zone then s t a r t s  t o  sense the  w a l l  c o o l i n g  and the temperature drops t o  

approx imate ly  90 percent  o f  f r e e  stream v a l u e  and remains a t  t h i s  r a t i o  

u n t i l  a p o s i t i o n  approx imate ly  40 t o  60 mils from the  base p l a t e  i s  

reached, where the  Pemperature s t a r t s  dropping t o  the  w e l l  value. A 

d e s c r i p t i o n  o f  temperature measurements i n  t h i s  r e g i o n  i s  presented 

i n  the f o l l o w i n g  sec t ion .  

For these run5 a base temperature r e c o v e r y  f a c t o r  o f  0.965 was 

obta ined which agrees c i o s e l y  t o  e a r l i e r  measurements o f  0.973, The 

r e c i r c u l a t l o n  zone r e c o v e r y  f a c t o r  was approx imate ly  0.95, which a l s o  

was measured w i t h  the shear l a y e r  t o t a l  temperature probe. Charwat and 

Yakura (311 fcund a r e c i r c u l a t i o n  zone r e c o v e r y  f a c t o r y  o f  0.945. 

As the r e c i r e u l a t i a n  zone temperature measurements were made w i t h  

smal l  d i a m e t w  thermocouple w i r e s  (3 m i l s l ,  temperature r e a d i n g s  ob ta ined 

a r e  i n f l u e n c e d  by Reynolds number e f f e c t s  ( a  Reynolds number o f  the o r d e r  

o f  ten based on h a l f  w i r e  d jameter  e x i s t s  I n  the  r e c i r c u l a t i o n  zone) as 

w e l l  as conduct!on i n f l u e n c e s  and r a d i a t i o n .  Per fo rming  c a f c u l a t i o n s  

suggested by B r a d f i e l d  1841, I t  was found t h a t  the  r a d i a t i o n  and 

conduct ion rn f luenccs  can be neg lec ted  b u t  the  e r r o r  in t roduced by t h e  

Reynolds nambes e f f e c t  has t o  be considered. The b e s t  a v a i l a b l e  e x p e r i -  

mental i n f o r m a t i o n  a s  presented i n  References 84, 85, and 86 i n d i c a t e s  

t h a t  the data are abo;.: 2 percent  too low. I n t e r p r e t i n g  those da ta  
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i t  must be r e a l i z e d  t h a t  the i n t e r f e r e n c e  c r e a t e d  by the presence o f  the 

r a k e  d i s r u p t e d  the  f l o w  f i e l d  but the  gross c o n d i t i o n  remained r e l a t i v e l y  

unchanged ( S e c t i o n  4 o f  Appendix). 

i n c l  ined 

""4L hzr k r r n  

As 

grad i en t 

The 

f rom the 

4.3.7 Base Boundary Layer Measurements 

Because o f  the  s t r o n g  i n d i c a t i o n s  o f  a base thermal boundary l a y e r  

presented by the r e c i r c u l a t i o n  zone t o t a l  temperature measurements, a 

s p e c i a l  thermocouple probe was designed. I t  was s i m i l a r  t o  those used 

i n  the  shear l a y e r  measurements ( S e c t i o n  3. i  o f  Appenblxl.  T m p e r a -  

t u r e  p r o f 1  l e s  were ob ta ined f o r  wal I temperatures o f  recovery, -78OF, 

-200°F, and -278OF ( F i g u r e  401. 

0.001 inch  u s l n g  the b i n o c u l a r  microscope. The p r o f i l e s  were measured 

a t  base thermocouple TB4 ( r e f e r  t o  F i g u r e  13). 

The probes were p o s i t i o n e d  t o  w i t h i n  

The probe body was 
0 a t  an angle o f  approx imate ly  15 w i t h  the base and faced the 

L".. 7 f i n + 3 !  . rpnterl ;ne ( F i g u r e  A7a). 

he probe was t raversed inward, i n d i c a t i o n s  o f  a temperature 

were o b t a i n e d  a t  approx imate ly  40-60 m i l s  from t h e  base. 

temperature drops a t  B l i r i e a r  r a t e  u n t i l  a p o i n t  A t o  6 m i l s  

base p l a t e  i s  reached. Because o f  the  probe s i z e  used i t  

was n o t  p o s s i b l e  t o  b r i n g  the center  o f  the thermoucouple w i r e  c l o s e r  

than 4 m i l s  f rom t h e  base, and a d e t a i l e d  p i c t u r e  o f  t h e  v a r i a t i o n  

inward was n o t  obtained. 

v a l u e  from t h i s  p o i n t .  

The temperature drops r a p i d l y  t o  t h e  w a l l  

A t  the present  t ime the exact c h a r a c t e r  o f  t h i s  thermal l a y e r  i s  

u n c e r t a i n .  Impact pressure data were n o t  obta ined,  so the shape o f  

the  v e l o c i t y  p r o f i l e  c o u l d  n o t  be used as a c r i t e r i o n  t o  determine 

whether the f l o w  i s  laminar o r  t u r b u l e n t .  

The separated zone behind a body immersed i n  subsonic f l o w  i s  

c h a r a c t e r i z e d  by unsteadiness and f l u c t u a t i o n  o f  the  f l o w  boundaries. 

I n  supersonic  f l o w  t h i s  i s  no t  the  case s i n c e  the present  measurements 

i n d i c a t e  t h a t  the f l o w  boundar ies do no t  f l u c t u a t e  w i t h  t ime. The 

q u e s t i o n  o f  whether s m a l l  sca le tu rbu lence e x i s t s  I n  the r e c i r c u l a t i o n  

zone has ye t  Po be answered. Al though the s e p a r a t i n g  shear l a y e r s  a r e  
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t u r b u l e n t ,  i t  cannot be s t a t e d  w i t h  c e r t a i n t y  t h a t  the  smal l  s c a l e  

f l u c t u a t i n g  mot ion i s  c a r r i e d  i n t o  the r e c i r c u l a t i o n  zone. However, 

the wind vane measurements descr ibed i n  the  nex t  s e c t i o n  i n d i c a t e  cons ider -  

a b l e  v a r i a t i o n  i n  the  f l o w  p a t t e r n s .  If f l o w  i n  the  r e c i r c u l a t i o n  zone 

i s  c h a r a c t e r i z e d  by t u r b u l e n t  f l u c t u a t i o n s ,  i t  Is qu t e  c e r t a i n  t h a t  these 

f l u c t u a t i o n s  would be impressed on the  base boundary layer.  

Very l i t t l e  data e x i S t f o r  the  v a r i a t i o n  o f  t o t a  temperature through 

e i t h e r  a laminar o r  a t u r b u l e n t  subsonic  s t a g n a t i o n  p o i n t  boundary 

layer .  However, L l v i n g o o d  and Donoughe 1891 present  a sumnary o f  s o l u -  

t i o n s  o f  t h e o r e t i c a l  c a l c u l a t i o n s  f o r  laminar  wedge type f low. The 

s o l u t i o n s  were ob ta ined f o r  smal l  Mach numbers w i t h  a P r a n d t l  number o f  

0.7 and f o r  var ious  c o n d i t i o n s  o f  w a l l  c o o l i n g  and mass i n j e c t i o n .  

The thermal boundary l a y e r  da ta  were t ransformed t o  a non-dimensional 

form t o  allow comparison w i t h  the s t a g n a t i o n  f l o w  data  o f  L l v i n g o o d  and 

Donoughe (89). Comparison o f  the  da ta  showed o n l y  s l i g h t  c o r r e l a t i o n  

I n  the i n n e r  p o r t i o n  o f  the  p r o f i l e  w i t h  a l a r g e  d e v i a t i o n  I n  the o u t e r  

p o r t i o n .  I t  thus appears t h a t  t h e  present  exper imenta l  temperature 

p r o f i l e s  may be composed o f  a laminar  sub layer  w i t h  a form o f  t u r b u l e n t  

o u t e r  r e g i o n  probably  impressed by the  r e c i r c u l a t i o n  zone f low.  T h i s  

assumption Is p a r t i a l l y  s u b s t a n t i a t e d  by the concept o f  a t u r b u l e n t  

eddy process, which increases the apparent thermal c o n d u c t i v i t y  i n  the  

o u t e r  p o r t i o n  where t h e  temperature g r a d i e n t  i s  f a i r l y  smal l .  I n  the  

i n n e r  p o r t i o n ,  the t u r b u l e n t  mot ion decreases w h i l e  the g r a d i e n t  increases 

and the c o n d u c t i v i t y  approaches i t s  mo lecu la r  value. 

True s tagnat ion  p o i n t  f l o w  i s  u s u a l l y  laminar ,  and e a r l y  t r a n s i t i o n  

occurs o n l y  f o r  c o n d i t i o n s  of  extreme s u r f a c e  roughness. However, f o r  

the  model o f  the r e p o r t e d  i n v e s t i g a t i o n ,  i t  i s  q u i t e  p o s s i b l e  t h a t  no 

laminar p o r t i o n  e x i s t s  because the  r e c i r c u l a t i o n  f l o w  f l u c t u a t i o n s  may 

be s t r o n g  enough t o  overcome any s t a b l e  tendencies o f  the  boundary 

I ayer. 
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4.3.8 Wind Vane Measurements 

Runs were mad? w i t h  a smal l  wind vane i n s e r t e d  a t  d i f f e r e n t  l o c a t i o n s  

i n  the r e c i r c u t a t j o n  zone. The vane o s c i l l a t e d  q u i t e  severe ly  a t  most 

l o c a t i o n s  and i n  some 8reas was r o t a t i n g  t o o  f a s t  t o  be seen. However, 

severa l  r e g i o n s  were l o c a t e d  i n  which the vane assumed a s t a b l e  a t t i t u d e .  

One such area was c l o s e  t o  t h e  second s t a g n a t i o n  p o i n t  i n d i c a t e d  by 

the c e n t e r l i n e  s t a t i c  p ressure  data. Spark s c h l i e r e n  photographs were 

taken by p o s : f ~ o i i ~ i i g  t h ~  vane e g a l ~ ~ t  h background o f  0.1 g r i d  l i n e  

superimposed on the tunnel  window (See F i g u r e  A7h). T h i s  method 

shows promise a l though a means of  a p p l y i n g  a v a r i a b l e  f r i c t i o n  t o  the  

vane would have t o  be dev ised t o  damp out  the o s c i l l a t i o n s .  

4 . 4  Heat T r a n s f e r  Measurements 

4.4.1 

The heat  t r a n s f e r  data were taken w i t h  t h e  model forebody a t  the 

l o c a l  recovery  temperature. I t  has been shown (Reference 87) t h a t  i f  

heat  t r a n s f e r  has occur red  before the p o i n t  o f  separat ion,  c o n d i t l o n s  

i n  the  base r e g i o n  wouid be a f fec ted .  Chapman, Kcehn, and Larson (67) 

have observed t h a t  h e a t i n g  o f  a boundary l a y e r  p r i o r  t o  s e p a r a t i o n  

has a s t a b i l i z i n g  e f f e c t  r a t h e r  than the d e s t a b l i z i n g  e f f e c t  e x h i b i t e d  

by a t tached boundary layers.  The heat  t r a n s f e r  chamber a t  t h e  r e a r  o f  

t h e  model was t h e r m a l l y  i s o l a t e d  from the  model forebody t o  p revent  

a t r a n s f e r  o f  heat  d u r i n g  the c o o l i n g  process. As the c o o l i n g  process 

was accomplished w i t h  the tunnel runn ing ,  the model forebody w a l l  

temperature approached I t s  equilibrium va lue  b e f o r e  the  data were 

taken. Temperatures were measured a t  t h r e e  d i f f e r e n t  l o c a t i o n s  on 

the  model forebody d u r i n g  the  heat t r a n s f e r  runs. 

Heat T r a n s f e r  Measurements Us ing  T r a n s i e n t  Technique 

Model temperatures and the wind tunnel  s t a g n a t i o n  temperature 

were recorded on Brown E l e c t r o n i k  recorders .  As the number o f  

r e c o r d e r s  a v a j l a b l e  was l i m i t e d ,  i t  was necessary t o  r e c o r d  more than 

one thermocouple on each recorder .  

which a l lowed a l t e r n a t e  one-second t r a c e s  f o r  each o f  two thermo- 

couptes on each s w i t c h i n g  u n i t .  

T h i s  was done by s tepp ing  swi tches  

49 



Past  exper ience w i t h  these r e c o r d e r s  has shown t h a t  the  c a l i b r a t i o n  

tends t o  d r l f t  o c c a s l o n a l i y .  A check was made on r e c o r d e r  c a l i b r a t i o n  

b e f o r e  and a f t e r  each r u n  by measur ing two f i x e d  temperatures. As the  

heat t r a n s f e r  r e c o r d e r s  had a temperature range o f  -350OF t o  c1OO0F, a 

l i q u i d  n i t r o g e n  ba th  o f  -320 F was used f o r  the low end r e f e r e n c e  p o i n t  

and f o r  t h e  h igh  end a ba th  o f  carbon d i o x i d e  and a l c o h o l  w i t h  a tempera- 

t u r e  o f  - I t 0  F was chosen. 

0 

0 

Before  each r u n  the  base was pre-cooled by f l o w i n g  cooled, gaseous 

n i t r o g e n  o r  he l ium over  the  i n s i d e  surface. The c o o l a n t  gas [ f r o m  

p r e s s u r i z e d  c y l i n d e r s )  was l e d  through a l i q u i d  n i t r o g e n  and carbon 

d iox ide-a lcoho l  2-stage heat  exchanger which lowered the  temperature t o  

-32OOF. The coolant  l i n e  was fhen l e d  through a s p e c i a l  f i t t i n g  I n  the  

mount ing window and f o l l o w e d  a p a t h  i n f e r n a l l y  through t h e  model t o  a 
chamber i n  the m l c a r t a  a f t e r - s e c t i o n .  Four l a t e r a l l y  spaced h o l e s  then 

d i r e c t e d  t h e  gas over the  n i c k e l  heat  t r a n s f e r  sur face.  The c o o l a n t  was 

exhausted through another  i n t e r n a l  l i n e  which l e d  aga in  through the  

s t e e l  window and f i n a l l y  t o  a vacuum pump. A vacuum pump was used t o  

a s s i s t  i n  the  f l o w  o f  t h e  c o o l a n t  gas through t h e  model. 

D u r i n g  t h i s  c o o l i n g  procedure the  base heat  s h i e l d  was i n  the  

extended p o s i t l o n  [ F i g u r e  41a). The s h i e l d  was then p u l l e d  ( F i g u r e  41b) 

and the r a t e  of  temperature change o f  the  model base was recorded. 

D u r i n g  t h i s  t ime s imul taneous r e a d i n g s  o f  base pressure  and model 

s u r f a c e  pressure were also obta ined.  

D u r i n g  a ten minute tunnel  r u n n i n g  p e r i o d  approx imate ly  e i g h t  

separate heat  t r a n s f e r  r u n s  were accomplisfied. Immediate ly  a f t e r  the 

c o n c l u s i o n  o f  a run,  which u s u a l l y  l a s t e d  about 20 seconds, the  s h i e l d  

was extended and the c o o l i n g  process again was repeated. The l e n g t h  o f  

t ime needed t o  b r i n g  the model base back t o  -32OoF was approx imate ly  

15 seconds. This  method a l l o w s  heat  t r a n s f e r  da ta  t o  be taken b e f o r e  

the temperature g r a d i e n t s ,  which tend t o  develop I n  the  base due t o  

unequal h e a t i n g  r a t e s ,  have t ime t o  develop. Thus, e x t e n s i v e  c o r r e c -  

t i o n s  f o r  conduct ion through t h e  model s k i n  need no t  be made. 
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A d d i t i o n a l  heat  t r a n s f e r  measurements were made w i t h  the  base pressure  

model. For these runs, the  cooled exhaust l i n e  was vented t o  the tunnel  

s e c t i o n  t o  m a i n t a i n  a minimum pressure d i f f e r e n t i a l  across the model base 

and prevent  leakage o f  the coolant  i n t o  the  base reg ion .  Hel i l im was used 

as the c o o l l n g  medium t o  prevent  l i q u e f a c t i o n  and accumulat ion o f  l i q u i d  

i q  the c o o l i n g  chamber. I t  was found t h a t  the c o o l i n g  system had 

s u f f i c i e n t  c a p a c i t y  t o  b r i n g  the base down t o  -28OoF d u r i n g  o p e r a t i o n  o f  

the  tunne l .  For these runs, the heat s h i e l d  mechanism was n o t  r e q u i r e d  

and v i s u a l  observa t ions  of  the  f l o w  f i e l d  was p o s s i b l e ,  T h i s  base was 

n o t  t h e r m a l l y  i s o l a t e d  8s w e l l  as the heat  t r a n s f e r  model b u t  i t  was 

found t h a t  i f  t h e  data were taken d u r i n g  the  e a r l y  p a r t  o f  the r u n  t h e  

conduct ion  e r r o r s  were minimized. 

The heat  t r a n s f e r  data were reduced u s i n g  the procedures presented 

1 : :  S e c t ? e n  3,7, The data i n  the form o f  heat  t r a n s f e r  c o e f f i c f e n t  a r e  

p resented  i n  F i g u r e  42a as a f u n c t i o n  o f  Reynolds number. The da ta  on 

t h i s  f i g u r e  were eva lua ted  a t  instantaneous w a l l  temperatures o f  -100 F, 
-2OOOF and -25OOF. 

0 

The e a r l y  data a r e  shown as c losed symbols w h i l e  

data taken u s i n g  the second base a r e  represented  by open symbols. The 

average o f  these data c o r r e l a t e d  on the b a s i s  o f  t r a n s i t i o n  Reynolds 

number a r e  shown i n  F i g u r e  42b. 

The i n t u i t i v e  p i c t u r e  o f  the heat t r a n s f e r  process on the rear-wake 

r e g i o n  i s  t h a t  o f  a two-dimensional s t a g n a t i o n  p o i n t  type f low. I t  Is 

o f  i n t e r e s t  t o  make a q u a l i t a t i v e  numerical  comparison o f  t h i s  t y p e  o f  

a n a l y s i s  w i t h  the present  exper imental  r e s u l t s .  Assuming laminar  f low, 

the c o r r e l a t i o n s  o f  Reshotko and Cohen ( 8 8 )  f o r  t h i s  case a r e  summarized 

be I ow: 

Table I Heat Trans fer  Summary o f  Reshotko and Cohen 

Tw/To 

0.5 
1 .o 

Nu 
P r  = 1.0 P r  = 0.7 

0.541 
0.571 

0.471 
0.498 
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For s tagnat ion  pain: f low, the heat  t r a n s f e r  c o e f f i c i e n t  i s  w r i t t e n  as: 

( 2 0 )  

The f i r s t  bracketed term decreases w i t h  decreas ing Wal l  temperature r a t i o .  

The second bracketed term i n v o l v e s  o n l y  mo lecu la r  t r a n s p o r t  p r o p e r t i e s  

which, f o r  s j m p l i c i t y ,  w l l 1  be e v a l u a t e d  a t  the  f rees t ream t o t a l  tempera- 

% -  t u r e .  - The t h i r d  term i n v o l v e s  the  d e n s i t y  which i s  t o  be eva lua ted  f rom 

the mean base pressure  and the  f rees t ream t o t a l  temperature. The f o u r t h  

term i n v o l v e s  the v e l o c i t y  g r a d i e n t  a t  the s t a g n a t i o n  p o i n t  which must be 

o b t a i n e d  from experiment. For l o c a l l y  i s e n t r o p i c  f l o w  j u s t  o u t s i d e  o f  

the assumed boundary l a y e r  
, 4  

dM a -  6 6 dy 
dv 
- =  

: dY ' ! + a 2  
2 6  

Near t h e  s tagnat ion  p o i n t  the  Mach numbers a r e  q u i t e  smal l  so t h a t  

,Equat ion  21 may be w r i t t e n  

( 2 2 )  

The Mach number d i s t r i b u t i o n  i s  found from the  s t a t i c  p ressure  d i s t r i b u -  

t i o n  u s i n g  one-dimensional i s e n t r o p i c  f l o w  r e l a t i o n s ,  assuming t h a t  th'e 

p ressure  measured a t  the apparent s t a g n a t i o n  p o i n t  i s  the t o t a l  pressure.  

Us ing  Equat ions (201 and ( 2 2 )  and Tab le  I, t h e  f o l l o w i n g  r e s u l t s  were 

ob t a i ne d: 

Sample R e s u l t s  

6 
' a.) Low Reynolds number v a l u e  (Res = 4 x IO 1 

Wall s t a t i c  p ressure  survey 

- 1  /2, BTU 

f tZ-hroR 
yR= 97 sec , h = 4.7 
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b.) Hfgh Reynolds Number Comparison 

C e n t e r l i n e  pressure  survey 

(ReS = 6.7 x IO 6 1 

BTU 

f t2- h r %  
VR = 164 sec-1/2; h = 10.9 

Wall s t a t i c  p ressure  survey 

BTU 

f t2-hroR 
lR = I 1 3  sec- ' l2 ;  h = 7.5 

Resu t s  over  the whole Reynolds number range c a l c u l a t e d  from the  

w a l l  s t a t  c p ressure  data a r e  shown on F i g u r e  42b. The laminar  

s t a g n a t i o  p o i n t  theory  e x h i b i t s  an S-shaped Reynolds number dependence 

r a t h e r  than t h e  convent ional  square r o o t  dependence. I t  i s  the  v e l o c i t y  

g r a d i e n t  change which g ives  an S-shape t o  the laminar curve  which 

c l o s e l y  matches the  exper imental  r e s u l t s .  i t  the  SiagnaiTui i  p ~ : ; ?  

t h e o r y  a p p l i e s  t o  laminar separa t ion  a lso,  then the  v e l o c i t y  g r a d i e n t  

must greaf.1.y d imin ish ,  s i n c e  the mean base d e n s i t y  i s  known t o  be 

about t w i c e  the  t u r b u l e n t  case. The Reynolds number dependence o f  

t h e  measured data i n d i c a t e s  tha t  t h i s  i s  t rue.  I n  a d d i t i o n ,  a f i l m  

e x i s t s  c l o s e  t o  the  w a l l  independent o f  the  n a t u r e  o f  the  c o v e r i n g  

shear layers.  T h i s  a n a l y s i s  can be m o d i f i e d  a f t e r  the exac t  na ture  

o f  the  base boundary layer  i s  determined. 

4 4.'4.2';-2 i Wemt?cTrmsfet- F ~ o r - p ~ a s t ~ ~ ~ . d  TherrpA1,I f3ipunda~y;-L~y-ftr;- Data 

A t  the w a l l  the s lopes o f  the  t o t a l  temperature and s t a t i c  tempera- 

. .  . . . . .  .. . . .  ' n  

t u r e  p r o f i l e s  a r e  equal. Using t h e  F o u r i e r  heat conduct ion  equat ion  

and e v a l u a t i n g  k a t  the  w a l l  temperature, c l o s e  agreement was ob ta ined 

between heat f l u x  ob ta ined us ing  t h i s  method and those measured u s i n g  

t h e  t r a n s i e n t  technique (Tab le  11). These measurements were made o n l y  

a t  one Reynolds number and appear as the v e r t i c a l  bar  on F i g u r e  42b 

a t  ReS = 4.07 x IO . 6 
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TABLE I1 
C a l c u l a t i o n  o f  Heat Trans fer  C o e f f i c i e n t  From Prob ing  Data 

h - &  Tb/To & - Tb - 0 - TR i - 
2 0  

T - k 

---- ( f t 1  (OF) (OR1 (BTU/f throR (OR)  ( O R )  (BTU/f t2hr1 tBTU/f t  h r  R1 

0.716 .000333 32.6 384 0.0111 536 509 I085 8.68 

0.487 .000333 75.6 261 0.0077 537 510 1745 7.05 

0.340 .000333 117.7 182 0.0054 536 509 1960 6.01 

4.4.2.3 Sarnpte'Oalcbtdt iohb Using t h e  K a r s t  A n a l y s i s  

For c o n d f t i o n s  r e p r e s e n t a t i v e  o f  the present  exper iments,  

M = 3.0, pB/pI = .121, M2a = 4.57, U2a = 2239 fps., 

= 0.0001760 s l u g s / f t  , 92a = 228O, X = wake l e n g t h  = 2.22 in., end 

' p  , , 
3 

+ % I  ,, 

= 0.80, the produc t  CJ S t  (TB = -5  To) = .58. The heat  t r a n s f e r  I _. 
"2a 

c o e f f i c i e n t s  can be eva lua ted  by choosing a v a l u e  f o r  (J. 
incompress ib le  va lue  o f  12, 

Us ing  the 

2 0  

Using t h e  va lue p r e d i c t e d  by T r i p p  (39)  o f  24.6, 
2 0  

'St = 0.00483, and h = 66.9 BTU/ft hr  R. 

S t  = 0.00236, and h = 32.7 BTU/f t  hr R. 

The curve i n  the  upper l e f t  hand corner  o f  F i g u r e  42b r e p r e s e n t s  

the K o r s t  p r e d i c t i o n  f o r  a spreading f a c t o r  o f  24.6 and f o r  TB = Tb. 

S ince K o r s t  g ives  no i n d i c a t i o n  o f  which va lues  o f  t h e  base temperature 

t o  s e l e c t ,  t h i s  assumption i s  the most n a t u r a l  one, s i n c e  the  w a l l  

" _ _  _f_emp,erature i s  most eas i  I y measured. However, t h e  assumption Is p h y s i c a l  f y  

u n r e a l i s t i c  bs shown by the exper imenta l  data. 

A l l  o f  the K o r s t  p r e d i c t i o n s  a r e  l i n e a r  i n  Res s i n c e  the  heat  

t r a n s f e r  c o e f f i c i e n t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  p ressure  and i n  the  

Kors t  model the base pressure  has a un ique v a l u e  a t  t h i s  Mach number. 

The t u r b u l e n t  theory  of Chapman (461 a p p l i e s  o n l y  f o r  the case of 

M = 0, TB = T 

the  K o r s t  c a l c u l a t i o n s .  There fore  i t  i s  necessary t o  make comparisons 

o n l y  w i t h  the  Kozst p r e d i c t i o n s ,  

H i s  r e s u l t s  f o r  t h i s  case a r e  i n  complete agreement w f t h  
b o  

5 4  



To mod i fy  the  K o r s t  c a l c u l a t i o n  such t h a t  the  heat  t r a n s f e r  c o e f f i -  

c i e n t  i s  based on the more e a s i l y  measured w a l l  temperature i n s t e a d  o f  

t h e  recirculation zone temperature, the K o r s t  va lue  shou ld  be m u l t i p l i e d  

by the a p p r o p r i a t e  temperature d i f f e r e n c e  ( T  

The r e l a t i o n  

- Tb) i n s t e a d  o f  (To - TB). 
0 

4- 
q = h (To  - TB) = h ( T o  - Tb)  

d e f i n e s  h such t h a t  

f 23) 

The c o r r e c t i o n  term i n  the  brackets  must, a t  present ,  be found e x p e r i -  

m e n t a l l y .  S ince  the present  heat t r a n s f e r  da ta  were o b t a i n e d  under 

cooled-wal l  c o n d i t i o n s  ( T  N 0.5 To), Tb<TB, and h(h . 
a r e  a v a i l a b l e .  

+ 
Two cho ices  b r Y  

1. The r e c i r c u l a t i o n  zone t o t a l  temperature measuremenis 

( . O l O h  x & 1.000 inches) 

From F i g u r e  39, f o r  x = 0.75 ih., when T /T = 0.5, 

TB/Tb = 0.9 and the c o r r e c t i o n  term assumes the  va lue  
b o  

0.1/0.5= 0.2 and 

h CT = 24.6) = 6.5 

h CT = 12) = 13.3 

2 0  BTU/f t hr  R 

2. The base boundary layer t o t a l  temperature p r o f i l e s  ( .004fx  

4 0.024 inch) .  

i n t e r p o l a t i o n  TB/To = 0.76 and the c o r r e c t i o n  term assumes the  

va lue  0.24/0.50 = 0.48 and the m o d i f i e d  heat t r a n s f e r  c o e f f i -  

c i e n t s  become 

From F i g u r e  40, when T /T = 0.5, then by 
b o  

: h ( (J = 24.61) ,.= 15.7 

, h $0 = 12) = I  32.1 

2 0  BTW/ft h r  R 

S ince  the f i r s t  s e t  o f  measurements encompasses the complete r e c i r c u l a -  

t i o n  zone whi I e the second invol  ves the base boundary 

t h e  f i r s t  s e t  was adopted f o r  t h e o r e t i c a l  comparisons 

more c l o s e l y  w i t h  K o r s f e s  phys ica l  p i c t u r e .  These da 

F i g u r e  42b. 
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The laminar mixing layer theory of Chapman was also included for 
reference. The close proximlZy of the laminar and turbulent predictions 
is due prlmarily l o  ?he higher laminar base pressures, The laminar 
curve follows a square root varyation with Reynolds number. The Chapman 
laminar(,theory also includes the assumption that TB = Tbe The effect of 
the assumpt:on is to increase the predicted heat transfer coefficients as 
indicated by the Korst comparisons. 

' 5 .  SUMARY AND CONCLUSIONS 

The f low models proposed by Chapman (46) and Korst (28) assume 
that the major mechanism for heat transfer to a wall in a separated 
flow region i s  governed primarily by the behavior of the mixing layers. 
In Chapman's sfudy it was assumed that the wall temperature was equal to 
the separated zone temperature, which implies zero resistance to heat 

transfer between the wall and the separated zone. Heat transfer predic- 

tions by Chapman for pure laminar separation were experlmentally sub- 
stantiated by Larson (661, who showed that for gap-induced separation on 
a flat plate the heat transfer was approximately 60 percent of the 

equivalent attached case. The turbulent theories of Chapman and Korst 
(assuming TB = Tb19 predicted heating rates approximately six times 
those for equivalent attached cases. Larson's work (661 and the 
results reported herein for heat transfer measurements under turbulent 
separated flow canditions showed a considerable reduction In heat 
transfer. The  primary reason for this discrepancy, as reported in both 
investigations, i s  that the recirculation zone temperature deviates 
considerably from the wall temperature. Both investigations showed 
that the total temperature of the recirculation zone is approximately 
90-95 percent o f  the free stream total temperature, The current 
measurements made in the recirculation zone with wall cooling showed 
that, although the region closest to the base sensed the drop in tem- 
perature, the major portion tended to ignore it and remained at 
recovery value, which i s  close t o  the free stream total temperature. 

The presence ob a thermal boundary layer was proven by measure- 
ments ou' several profiles of total temperature. These findings Indicate 
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I 

t h a t  the l a r g e s t  b a r r i e r  t o  heat f l o w  i n t o  the base 1 s  the boundary 

layer ,  w i t h  o n l y  small  r e s i s t a n c e  encountered a t  the shear l a y e r  and i n  

t h e  r e c i r c u l a t i o n  zone. 

I n  the  l i g h t  o f  the  present  exper imenta l  data, i t  appears t h a t  t h e  

r e c i r c u l a t i o n  zone f l o w  f i e l d  I s  a combinat ion o f  pure  boundary l a y e r  

type  f l o w  ( temperature i n f l u e n c e s  a r e  no t  f e l t  o u t s i d e  o f  the  thermal 

boundary l a y e r )  and the  f l o w  f i e l d  p o s t u l a t e d  by Chapman ( 4 6 )  and 

K o r s t  t28) ( p e r f e c t  neat  t ransfer-  between s2paratec! zcne and wa!!l* 

The f l o w  f i e l d  appears, however, t o  f o l l o w  the f i r s t  model more 

c 1 ose I y .  

F u r t h e r  t h e o r e t i c a l  s tudy  should cons ider  the behav io r  o f  the  base 

boundary layer ,  and how i t  i s  i n f l u e n c e d  by the shear l a y e r s  and e x t e r n a l  

f l o w  f i e l d .  I t  now appears tha t  the base f l o w  heat  t r a n s f e r  process i s  

c o n t r o l l e a  by a cornpi ica icd ser ies o f  fc iz tcrz  such 2s ! !  !nf !r_ lenrP nf 

forebody boundary l a y e r  and ex terna l  f l o w  f i e l d  on shear l a y e r  devetop- 

ment, 21 c o n t r o l  o f  r e c i r c u l a t o r y  f i o w  process by shear l a y e r  t r a n s i t i o n ,  

and 3) r e c i r c u l a t i o n  zone i n f l u e n c e s  on t h e  base boundary layer .  I f  

t h e  f l o w  r e g i o n  near the base is r e a l l y  o f  a boundary l a y e r  nature,  

v a r i a t i o n s  o f  w a l l  c o o l i n g ,  pressure g r a d i e n t ,  sur face  roughness, and 

i n t e n s i t y  o f  tu rbu lence i n  the r e c i r c u l a t i o n  zone c o u l d  a l l  a f f e c t  the  

heat  t r a n s f e r  process. 

The v e l o c i t y  p r o f i l e s  i n  the shear l a y e r  e x h i b i t e d  normal t u r b u l e n t  

tendencies and' the  average value o f  the spreading f a c t o r  was found t o  

be i n  the range o f  12 t o  15. 

The K o r s t  theory,  i n  heat  t r a n s f e r  c o e f f i c i e n t  form, depends upon 

p r o p e r  e v a l u a t i o n  o f  spreading f a c t o r  and temperature p o t e n t i a l .  The 

f u l l y  t u r b u l e n t  shear l a y e r  r e s u l t s  (Re ) 4  x I O  1 a r e  i n  c l o s e s t  

agreement w i t h  the K o r s t  p r e d i c t i o n s  when a spreading f a c t o r  o f  12 and 

measured r e c i r c u l a t i o n  zone temperatureare used. Thus, the  K o r s t  

model, which cons iders  o n l y  the p r o f i l e s  o u t s i d e  o f  the  d i v i d i n g  

s t reaml ine ,  undoubtedly  i s  conceptua l l y  c o r r e c t .  The agreement o f  

6 
S 
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the heat  t r a n s f e r  data  again leads one t o  b e l i e v e  t h a t  spreading f a c t o r  

data obta ined on j e t s  does not apply  t o  the near wake case. 

The direct ly-measured w a l l  h e a t i n g  r a t e s  agree w i t h  the h e a t  f l u x e s  

as determined by the t o t a l  temperature p r o f i l e s  and the va lues obta ined 

using the stagnat ion p a i n t  a n a l y s i s .  
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FIGURE 2. MODEL FOR KORST'S ANALYSIS 

FIGURE 3. GENERALIZED PRESENTATION OF THE EFFECTS OF HEAT AND 
MASS ADDITION INTO THE WAKE REGION, M, = 3.0 
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a )  Test Setup i n  Wind Tunnel Room 

b )  Control Room 

FIGURE 8. TEST FACILITY AND CONTROL ROOM 



a )  Design Drawing 

b )  Installation 

FIGURE 9. MODEL FOREBODY 



1% 
t 
I 
8 
I 
I 
I 
1 
8 
I 
1 
I 
I 
I 
I 
I 
1 
I 
I 

FIGURE IO. FOREBODY AND HEAT TRANSFER BASE INSTRUMENTATION 

FIGURE 1 1 .  HEAT TRANSFER MODEL DISASSEMBLED 



FIGURE 12. HEAT TRANSFER BASE 

SECMA. + A  

FIGURE 13. PRESSURE AND PROBING BASE INSTRUMENTATION 
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a )  Rear V i e w  of Base P l a t e  

b )  Two Views o f  C o o l i n g  Chamber 

FIGURE 14. BASE PLATE AND COOLING CHAMBER 
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a) S c h l i e r e n  Photograph 

b l  Shadowgraph Photograph 

FIGURE 16. SCHLIEREN AND SHADOWGRAPH PHOTOGRAPHS SHOWING 
IMPROPER WAKE FLOW 
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FIGURE 17. WINDOW I N S T A L L A T I O N  OF BLOCKAGE MODEL 
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1 ' FIGURE 18. PROPER FLOW AROUND BLOCKAGE MODEL 
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e )  Scavenging and Reverse Flow Mechanism 
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'b" 1 

b) Balance o f  Scavenged and Reverse Flow 

FIGURE 20. ESTABLISHMENT OF BASE PRESSURE 
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a )  ReS = 1.67 x IO 6 6 
b )  Res = 2.19 x IO 

6 d )  ReS = 3.35 x I O  6 c )  Res = 2.78 x I O  

FIGURE 22. SCHLIEREN PHOTOGRAPHS OF BASE FLOW OVER COMPLETE 
REYNOLDS NUMBER RANGE 
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FIGURE 22. (CONT'D) 
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FIGURE 22. (CONT'D) 
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a )  Microschlieren Equipment 

b l  Locations o f  Photographs 

FIGURE 24. MICROSCHLIEREN PHOTOGRAPHY ( 8  POWER MAGNIFICATION) 



c )  F I ow Separa t  i ng From Model d )  Wake T h r o a t  
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e )  Model Boundary Layer  

FIGURE 24. (CONT'DI 
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FIGURE 25. OIL STREAKLINE PHOTOGRAPHY 



e !  Unccr rec ted  Ttz?perGtu;s b i  C o r r e c t e d  T e m p e r a t u r e  

FIGURE 26. TOTAL TEMPERATURE VARIATION THROUGH BOUNDARY LAYER 

S 

b )  Mach Number a1  Impact  P r e s s u r e  

FIGURE 27. IMPACT PRESSURE AND MACH NUMBER VARIATION THROUGH 
BOUNDARY LAYER 
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FIGURE 31. PROBE P O S I T I O N I N G  BINOCULAR MICROSCOPE 



a) Installation in Tunnel 

b )  Details o f  Actuatinq Mechanism 

c) Longitudinal Traversing Component 

FIGURE 32. PROBE POSITIONING DEVICE 
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FIGURE 33. VARIATION OF TOTAL TEMPERATURE THROUGH SHEAR LAYER 
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AP PE NO I X 

BOUNDARY LAYER AND RECPRCULATION ZONE PROBING MEASUREMENTS 

1 .  General D iscuss ion  o f  Probe E r r o r s  

I n  the experfmental  s tudy  o f  f l u i d  f l o w  phenomena i t  i s  p o s s i b l e  t o  

o b t a i n  I n f o r m a t i o n  p e r t a i n i n g  t o  t h e  f l o w  f i e l d  g e n e r a l l y  b y  one o f  

t h r e e  methods. These methods are the f o l l o w i n g :  

a.  Visua l  observa t ion  o f  the f l o w  f i e l d  u s i n g  o p t i c a l  techniques 
such as s c h l i e r e n ,  shadowgraph, o r  i n t e r f e r o m e t r y .  

b. Measuremert o f  the  e f f e c t s  exper ienced by a body immersed i n  
the  f l o w  such as pressures,  s k i n  f r i c t i o n ,  o r  heat  t r a n s f e r .  

c. Measurement o f  l o c a l  f l o w  p r o p e r t i e s  u s i n g  t o t a l  temperature 
probes, t o t a l  p ressure  probes, s t a t i c  probes, o r  h o t - w i r e  
met hods. 

.#-. ine i i r s i  rrreihou' d u e s  i i ~ t i  ? n t e r i e r e  w i t h  the f l e w  f ? e l d  G;- mcdlfy the 

o v e r a l l  f l o w  p a t t e r n  and the  second w i l l  c r e a t e  only a min!rnurn d i s t u r b -  

ance i f  p roper  p r e c a u t i o n s  a r e  observed. The second method s u p p l i e s  

I n f o r m a t i o n  which Is a r e s u l t  of combined e f f e c t s  o f  the  t o t a l  f l o w  

f i e l d .  

To o b t a i n  d i s t r i b u t e d  i n f o r m a t i o n  r e g a r d i n g  the f l o w  p r o p e r t i e s  

through the f l o w  f i e l d  i t  becomes necessary t o  i n s e r t  probes o r  o t h e r  

measur ing equipment i n t o  the  f l o w  p a t t e r n .  Prob ing  measurements, 

a l t h o u g h  ex t remely  u s e f u l ,  a r e  s u b j e c t  t o  more inherent  e r r o r s  and 

exper imenta l  d i f f i c u l t i e s  than the f i r s t  two methods. I t  i s  u s u a l l y  

n o t  too  d i f f i c u l t  t o  c o n s t r u c t  a probe which w i l l  sense any o f  the 

f l o w  p r o p e r t i e s  such as pressure, temperature, f l o w  f l u c t u a t i o n s ,  e tc .  

To a c c u r a t e l y  i n t e r p r e t  these measurements, however, i s  an e n t i r e l y  

d i f f e r e n t  mat ter .  

For  a probe t o  p r o v i d e  a meaningful measurement a t  any l o c a t i o n  

i n  t h e  f l o w  f i e l d  i t  i s  necessary t h a t  the  presence o f  the probe does 

n o t  i n t e r f e r e  w l t h  the  f l o w  pat te rn .  To o b t a i n  accura te  p r o f i l e s  o f  

f l o w  p r o p e r t i e s  through vfscous l a y e r s  i t  becomes necessary t h a t  the 

p h y s i c a l  s i t e  o f  the  probe be small compared t o  the  l a y e r  th ickness.  
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T h i s  7s e s p e c i a l l y  impor tant  when p r o b i n g  a t tached boundary l a y e r s  on 

wind tunnel  models where the th ickness  may be o f  the  o r d e r  o f  30 m i l s  

o r  1 ess. 

Even i f  the f l o w  i s  not  d i s t u r b e d  because o f  smal I probe s izes ,  

a d d i t i o n a l  f a c t o r s  can i n f l u e n c e  the  accuracy o f  the  r e s u l t s .  A v e r y  

good d iscuss ion  o f  probe e r r o r s  i s  fnc luded i n  Reference 84. One l a r g e  

e f f e c t  which can be encountered i s  the  averaging e f f e c t  which i s  c r e a t e d  

by the  smal l  s i z e  o f  the probe. The f l o w  a c c e l e r a t e s  from zero  

v e l o c i t y  a the probe s t a g n a t i o n  l i n e  t o  supersonic  speeds i n  a smal l  

d is tance.  T h i s  l a r g e  v e l o c i t y  g r a d i e n t  c r e a t e s  c o r r e s p o n d i n g l y  l a r g e  

g r a d i e n t s  n pressure and temperature. I t  can be expected t h a t  the  

probe w i l l  then sense an average v a l u e  due t o  t h e  g r a d i e n t s  across  the  

probe face r a t h e r  than the d e s i r e d  s t a g n a t i o n  l i n e  value. 

' 

Another e r r o r  encountered i n  p r o b i n g  o f  t o t a l  p ressure  through 

v iscous  l a y e r s  i s  c a l l e d  p o s i t i o n  e r r o r  and 1s c r e a t e d  by the s t r o n g  

g r a d i e n t s  i n  f low p a r m e t e r s  i n  the probe "freestream". Because o f  

the  f l n l t e  s i z e  o f  the  probe opening, i t  w i l l  sense no t  o n l y  the  d e s i r e d  

va lue  o f  pressure a t  the s t a g n a t i o n  l i n e  b u t  w i l l  a l s o  be s e n s i t i v e  t o  

the v a r y i n g  va lues above and be1ow.The n e t  r e s u l t  Is t h a t  t h e  

i n d i c a t e d  measurement w i l l  be an i n t e g r a t e d  va lue  and w i l l  be a func- 

t i o n  o f  the  pressure g r a d i e n t  and probe opening s ize.  

T o t a l  temperature probes a r e  s u b j e c t  t o  conduct ion  e r r o r s  which 

are  c r e a t e d  by the f a c t  t h a t  the  bottom, top,  and s i d e s  o f  t h e  probe 

a r e  c l o s e  t o  recovery  temperature, which i s  a f u n c t i o n  o f  t h e  l o c a l  

Mach number o f  the  f l o w  b a t h i n g  the  sur faces.  The n e t  r e s u l t  i s  a 

f l o w  o f  heat  away from t h e  s t a g n a t i o n  l i n e ,  which t h e o r e t i c a l l y  

would be a t  the l o c a l  f r e e  stream t o t a l  temperature. I n  addition, 

r a d i a t i o n  e r r o r s  can g r e a t l y  i n f l u e n c e  the  temperature read ing ,  

e s p e c i a l l y  i f  the probe and environrhent as "seenn by the  thermocouple 

have a l a r g e  d i f f e r e n c e  i n  temperature. I n  an a n a l y s i s  per formed I n  

Reference 84 regard ing  t o t a l  temperature probe e r r o r s  due t o  conduc- 

t i o n  i t  was found t h a t  t h e  s m a l l e r  the probe t i p  h e i g h t  the g r e a t e r  
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would be the temperature e r r o r .  I t  can also be reasoned t h a t  the  

probe s t r u c t u r e  i t s e l f  shou ld  be made 04 a l o w  heat  conductivity 

m a t e r i a l  

I n  summary, 1.0 present  m!n:mum d is tu rbance t o  the f l o w  i t  7s 

necessary t o  u t i l i z e  a smal l  probe. I n  c o n t r a s t ,  some o f  t h e  probe 

e r r o r s  a r e  adverse ly  a f f e c t e d  by smal l  probe s ize .  I t  can be seen 

t h a t  some compromise has t o  be reached r e g a r d i n g  probe s i r e .  

V i s c o s i t y  can a iao  pi2j)i an ;niportan; role !n probe meesur?mznts. 

The usual  s i m p l i f i c a t i o n s  made on the Navier-Stokes equat ions  i n v o  

e l i m i n a t i o n  of  t h e  v iscous  terms f o r  many f l u i d  f l o w  c a l t u l a t i o n s .  

I n  b l u f f  body f f o w  s i t u a t i o n s  s t r o n g  g r a d i e n t s  e x i s t  i n  the  f l o w  

parameters i n  the  neighborhood of  the s t a g n a t i o n  p o i n t .  For  a r e a  

f l u i d ,  v iscous  e f f e c t s  a r e  thus always p r e s e n t  and t h e i r  e f f e c t  on 

ve 

the 

p r o p e r t i e s  b e l n g  measured must be considered. As the Reynolds number 

i s  a measure o f  the  r a t i o  o f  i n e r t i a l  f o r c e s  t o  v lscous  forces,  a t  

low Reynolds numbers the v iscous f o r c e s  assume g r e a t e r  importance. 

A t  low Reynolds numbers (o f  the order  o f  1 i o  10 based on probe h a l f  

h e i g h t )  the e f f e c t  o f  the v iscous fo rces  i s  t o  do work on t h e  f l u i d  

p a r t i c l e s  moving a long the s t a g n a t i o n  s t reaml ine ,  which can r e s u l t  i n  

measured l o c a l  s t a g n a t i o n  pressures and temperatures g r e a t e r  than 

a c t u a l  r e s e r v o i r  cond i t ions .  

A I  though n o t  Tnvest igated as thorough ly  as v iscous  e f f e c t ,  Mach 

number c o u l d  a l s o  i n f l u e n c e  probe readings. I n  incompress ib le  f low, 

Reynolds number i s  the major  governing s i m i l a r i t y  parameter. I n  

compress ib le  f l o w  the Mach number must be cons idered as an a d d f t f o n a l  

similarity parameter. The r e s u l t s  o f  severa l  i n v e s t i g a t o r s  i n c l u d i n g  

B r a d f i e l d  ( 8 4 )  and Laufer  and McCle l lan ( 8 5 )  g i v e  some i n s i g h t  i n t o  

the  magnitude o f  t h i s  e f f e c t  f o r  t o t a l  temperature probes. I n  

general ,  the e f f e c t  i s  t o  lower the  measured temperature as the  

Mach number increases. T h i s  p o s s i b l y  can be a t t r i b u t e d  t o  increase 

i n  the  conduct ion  o f  heat  away from the  j u n c t i o n .  Using the usual  

d e f i n i t i o n  o f  r e c o v e r y  f a c t o r  and d i v i d i n g  the numerator and denominator 
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by To, i t  can be seen t h a t  a s  the  Mach number increases, the  w a l l  

recovery  temperature decreases. T h i s  p resents  a l a r g e r  temperature 

p o t e n t l a l  f o r  p o s s i b l e  heat f l o w  from the j u n c t i o n  t o  the  c o l d e r  probe 

surfaces. 

2. Probe Cal  ! b r a t i o n  

The e f f e c t s  o f  v i s c o s i t y  and Mach number on impact temperature 

were i n v e s t i g a t e d  I n  the smal l  f r e e - j e t  wind tunnel  descr ibed i n  

Reference 84. 

set-up and F igure A l b  1s a s c a l e  drawing o f  t h e  tunnel .  Because o f  

t h e i r  smal l  face h e i g h t  (approx imate ly  7 m i l s 1  and because the probe 

Reynolds number r e f e r e n c e  l e n g t h  i s  u s u a l l y  taken as one h a l f  t h e  

probe h e i g h t ,  i t  was necessary t o  c a l i b r a t e  the t o t a l  temperature probes 

t o  determine t h e i r  s e n s i t i v i t y  t o  l o w  Reynolds numbers. Another f a c t o r  

which necess i ta ted  t h e i r  c a l i b r a t i o n  was the  i n f l u e n c e  o f  conduct ion  

and r a d i a t i o n  o f  the  probe recovery  f a c t o r .  

F i g u r e  A l a  i s  a photograph o f  the probe c a l i b r a t i o n  

The probes were t e s t e d  i n  two nozz les  w i t h  nom$nal Mach numbers 

o f  1.9 and 3.2. The u n i t  Reynolds number was changed by v a r y i n g  the 

s t a g n a t i o n  pressure from 0.4 cm Hga t o  approx imate ly  250 cm Hga. A t  

the ext remely low pressures the nozz le  boundary l a y e r  growths were 

s u f f i c i e n t  t o  reduce the a c t u a l  Mach number f o r  each nozz le  t o  about 

1.4. To determine the v a r i a t i o n  i n  nozz le  Mach number w i t h  s t a g n a t i o n  

pressure,  ;.e., Reynolds number, bo th  nozz les were c a l i b r a t e d  w i t h  

a 1/16-in. diameter t o t a l  p ressure  probe l o c a t e d  a t  d i f f e r e n t  p o s i t i o n s  

w i t h  respec t  t o  ?he nozz le  e x i t .  T h i s  probe, because o f  i t s  r a t h e r  

l a r g e  diameter,  Fs r e l a t i v e l y  i n s e n s i t i v e  t o  Reynolds number e f f e c t s .  

The Mach number so c a l c u l a t e d  was then used t o  i n t e r p r e t  the  c a l i b r a t i o n  

da ta  f o r  the other  Mach number s e n s i t i v e  probes. The Mach number 1.9 

nozz le  d i d  n o t  s u f f e r  an apprecia0)ie decrease i n  Mach number u n t i l  a 

s t a g n a t i o n  pressure o f  15 cm Hga was reached. A t  t h i s  p o i n t  t h e  Mach 

number had dropped t o  1,8, A t  lower s t a g n a t i o n  pressures  the Mach 

number dropped very  r a p l d l y ,  r e a c h i n g  a mlnimum o f  1.4. The o t h e r  

nozz le  reached a Mach number o f  3.05 a t  the same s t a g n a t i o n  pressure  and 

then a l s o  s u f f e r e d  a decrease t o  1.4 v e r y  r a p i d l y .  
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The c a l i b r a t ! s n  daPa f o r  the impact p ress l i re  and temperature probes 

a r e  p l o f t e d  versus the  probe Reynolds number eva lua ted  a f t e r  the shock 

wave w h i l e  t h e  s t a t i c  probe c a l i b r a t i o n  Reynolds number i s  eva lua ted  

a t  f r e e  stream condf t ions ,  

Data f o r  t h e  impact temperature probe are  presented on F i g u r e  A2 

a l o n g  w i t h  r e s u l t s  o f  B r a d f i e l d  ( 8 4 )  f o r  comparison. These r e s u l t s  

show t h a t  the l a r g e s t  e r r o r  i n  temperature occurs  a t  a Reynolds 

niurnber of  around 100 and as the Reyno!ds n~tmher i s  lncrensed the impact 

temperature measured by the probe a l s o  increases. A t  h i g h  Reynolds 

numbers the increased convect ive heat t r a n s f e r  t o  the  probe face over-  

r i d e s  the  conduct ion and r a d i a t i o n  e r r o r s ,  r e s u l t i n g  i n  an i n c r e a s i n g  

t o t a l  temperature r a t i o .  As the Reynolds number i s  reduced below 100 

t h e  t o t a l  temperature r a t i o  again s t a r t s  t o  r i s e .  T h i s  happens because 

t h e  e f f e c t s  o f  convect ion,  conduct ion,  and r a d i a t i o n  a r e  soon dominated 

by t h e  v iscous  in f luence,  As shown i n  F i g u r e  A2, as the Reynolds 

number decreases below I O  t h e  impact temperature a c t u a l l y  r i s e s  above 

t h e  l o c a l  t o t a l  temperature, 

I n  a d d i t i o n  t o  v iscous  e f f e c t s ,  o t h e r  f a c t o r s  which i n f l u e n c e  the 

measured temperature such as Mach number, probe s ize ,  thermocouple 

m a t e r i a l ,  and probe c o a t i n g  m a t e r i a l s  can be seen i n  F i g u r e  A 2 .  The 

> IO b u t  f o r  lower 
h /2  

Mach number e f f e c t  is e a s i l y  d i s c e r n i b l e  a t  RY 

Reynolds numbers the  two curves merge. T h i s  i s  because o f  v iscous  

e f f e c t s  on the  nozz les  which lower the Mach numbers. The Reynolds 

numbers a r e  eva lua ted  a t  the e x i s t i n g  Mach number so a c t u a l l y  the 

two curves merge t o  become one. The e f f e c t  o f  probe s i z e  i s  no t  

proven by F i g u r e  A2 because the 4 - m i l ,  cemented, i ron-constantan 

probe and t h e  7 - m i l ,  uncemented, copper-constantan probe c a l i b r a -  

t i o n s  o f  B r a d f i e l d  bo th  l i e  above the 7-mi1 ,  cemented, i ron-constantan 

probe c a l i b r a t i o n .  I t  appears t h a t  thermocouple materials and probe 

c o n s t r u c t i o n  methods, due tu t h e i r  l a r g e  i n f l u e n c e  on conduct ion  e r r o r s ,  

o v e r r i d e  the  e f f e c '  o f  probe size.  The "bump** i n  t h e  Mach 3.05 data 

was found t o  be r e p r o d u c i b l e  but cannot be explained. 
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I n  general,  i t  can b e t s t a t e d  t h a t  c o a t i n g s  and h i g h - c o n d u c t i v i t y  

thermocouple m a t e r i a l s  lower the probe r e c o v e r y  f a c t o r .  I n  the  Mach 

number range inves t iga ted ,  i n c r e a s i n g  Mach number a l s o  has t h i s  same 

e f f e c t .  The exact e f f e c t  o f  probe s i z e  i s  v e r y  d i f f i c u l t  t o  i s o l a t e  

f rom the  o t h e r  f a c t o r s  because o f  smal l  var iances  i n  probe c o n s t r u c t i o n ,  

which cangmst l - j r  i n f l u e n c e  the probe performance. 

3. Probe C o n s t r u c t i o n  

3.1 Shear Layer and Boundary Layer Temperature Probes 

The m i n i a t u r e  t o t a l  temperature probes used i n  t h i s  i n v e s t i g a t i o n  

were p a t t e r n e d  a f t e r  probes conceived i n  Reference 84, and were made o f  

y e l l a w  birchwood too thp icks .  Wood was s e l e c t e d  because o f  i t s  un ique 

combinat ion o f  i n s u l a t i n g  p r o p e r t i e s ,  s t r e n g t h ,  and m a c h i n a b i l i t y .  

The f r o n t  face dimensions o f  the  t u r b u l e n t  boundary l a y e r  and 

shear l a y e r  probes were 7-mi ls  x 50-mi ls  w h i l e  t h e  base boundary 

l a y e r  probe had face dimensions o f  I O - m ~ l s  x 90-mils. The w i d t h  was 

increased t o  he lp reduce the  w i r e  conduct ion  e r r o r .  

A smal l  groove was f i l e d  a long the  s t a g n a t i o n  l i n e  o f  the  face  

o f  t h e  probe and a smal l  p i t  formed a t  t h e  c e n t e r  o f  the face. The 

probe used f o r  the shear l a y e r  and forebody boundary l a y e r  surveys 

had a thermocouple c o n s t r u c t e d  o f  0.5-mil i ron-cons tan tan  w i re .  The 

probe used f o r  measurements on the model base had a 3-mil  copper- 

constantan j u c t i o n .  The j u n c t i o n  was p l a c e d  I n  the small  p i t  and 

the lead w i r e s  were p laced i n  the s l o t  o n , t h e  s t a g n a t i o n  l i n e .  The 

w i r e s  were then l e d  o f f  around t h e  face o f  t h e  probe a long t h e  s i d e s  

and then so ldered t o  l a r g e r  diameter e x t e n s i o n  w i re .  F i g u r e  A 3  

shows a photograph and a s c a l e  drawing o f  the  face o f  one o f  these 

probes. 

A t h i n  c o a t i n g  o f  r a d i o  cement was a p p l i e d  over  the face, top, 

and s i d e s  o f  the probe. T h i s  was done t o  inc rease t h e  s t r u c t u r a l  

s t r e n g t h  and t o  h e l p  p r o t e c t  the f i n e  thermocouple j u n c t i o n  and lead 

w i res .  When a m a t e r i a l  such as r a d i o  cement i s  a p p l i e d  over  t h e  face 

o f  a probe the  measured temperature decreases. T h i s  i s  due t o  the 

decrease i n  heat f l o w  convected t o  the j u n c t i o n  because o f  t h e  i n s u l a -  
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t i n g  b a r r i e r  c r e a t e d  by the  cement. Because o f  t h e  presence o f  smal l  

dust  p a r t i c l e s  i n  the  tunnel  i t  was f e l t  t h a t  t h i s  disadvantage would 

be counter-ba lanced by t h e  expected inc rease i n  probe l i f e .  The a c t u a l  

p r o b i n g  r u n s  made i n  the wind tunnel and t h e  c a l i b r a t i o n  r u n s  made i n  

t h e  t i n y  tunnel  proved t h i s  t o  be t r u e ,  as n o t  a s i n g l e  

was exper ienced. 

3.2 R e c i r c u l a t i o n  Zone Temperature Rake 

Measurements o f  t o t a l  temperature i n  the r e c i r c u l a  

made u s i n g  a r a k e  hav ing  f i v e  bare w i r e  i ron-constantan 

probe fa !  l u r e  

i o n  zone were 

t hermocoup I es 

o f  3 - m i l  d iameter.  The r a k e  was i n s e r t e d  from the  s i d e w a l l  u s i n g  a 

s p e c i a l  p o s i t i o n i n g  mechanism and c o u l d  be moved d u r i n g  o p e r e t i o n  o f  

t h e  tunnel .  F i g u r e  A 4  shows the r a k e  i n  p o s i t i o n  behind t h e  model. 

3.3 Impact Pressure Probes 

The impact p ressure  probes used were o f  two major  c o n f i g u r a t i o n s .  

The f i r s t  shear l a y e r  probe was made o f  1/32-in. d iameter s t a i n l e s s  

stee.1 t u b i n g  w i t h  the end f l a t t e n e d  and f i n i s h e d  t o  B face h e i g h t  o f  

4-m;ls and w i d t h  o f  25-mils. 

The shear l a y e r  probe used l a t e r  was double faced w i t h  b o t h  

forward f a c i n g  and rearward  f a c i n g  tubes w i t h  a s t a t i c  p ressure  

o r i f i c e .  I t  a l s o  was cons t ruc ted  o f  1/32-!n. d iameter s t a i n l e s s  s teCl  

t u b i n g  and the  face dimensions were 15-mi ls by 20-mils. 

i s  shown i n  F i g u r e  A 6 ,  which a lso  shows temperature, s t a t i c ,  and 

pressure  probes on a common ho lder  used f o r  t h e  f i r s t  shear l a y e r  

measurements (see a l s o  F i g u r e  26). Shown a l s o  i n  F igure  A 6  f s  the  

combinat ion temperature and pressure probe used f o r  p r o b i n g  t h e  

forebody boundary layer .  F igure A5 shows t h i s  probe i n  p o s i t i o n  

and F i g u r e  A 7  shows s c h l i e r e n  f low photographs w i t h  the  v a r i o u s  

probes i n s e r t e d  i n  the  f l o w  f i e l d .  

T h i s  probe 

3 .4  R e c i r c u l a t i o n  Zone Impact Pressure Probe 

For  measur ing impact pressures i n  the r e c i r c u l a t i o n  zone a forward- 

rearward  Facing t o t a l  p ressure  probe s i m i l a r  t o  t h e  second shear l a y e r  

A 7  



probe was constructed. I t  a l s o  had a c e n t e r  s t a t i c  tap and was made 

o f  1132-in. diameter s t a f n l e s s  s t e e l  t u b i n g  so ldered t o  a 1/8- in .  

d iameter  s t e e l  ex tens ion  ( F i g u r e  A6). Shown a l s o  i n  t h i s  f i g u r e  i s  

an e a r l y  vers ion  o f  t h i s  probe which c r e a t e d  c o n s i d e r a b l e  f l o w  d i s t u r b -  

ance. Schl ie ren  f l o w  photographs o f  bo th  probes a r e  shown i n  F i g u r e  A7, 

3.5 C e n t e r l i n e  Pressure Probe 

C e n t e r l i n e  data were ob ta ined u s i n g  a combinat ion P i t o t - s t a t i c  

tube. I t  was composed o f  1/16-in. d iameter s t e e l  t u b i n g  w i t h  a 

1/32-in. diameter b rass  tube r u n n i n g  a long the  i n s i d e .  Four s t a t i c  

o r i f i c e s  o f  12-mil d iameter  were d r i l l e d  through the  l / l 6 - i n ,  t u b i n g  

a t  a d i s t a n c e  of 7/16-in. from the nose o f  the  probe. The smal l  tube 

was i n s e r t e d  c o a x i a l l y  i n t o  the l a r g e  one and t h e  ends so ldered toge- 

t h e r  and f i n i s h e d  t o  t h e  usual  p i t o t  tube shape. I n  t h i s  manner t h e  

t o t a l  p ressure  was measured by t h e  1/32-in. t u b i n g  and the  s t a t i c  

p ressure  was conta ined between the two tub ings,  

A h o l e  was d r i l l e d  i n t o  the base o f  the  model on t h e  c e n t e r l i n e  

a t  a d i s t a n c e  of  1 i nch  frwir the  v e r t i c a l  cen ter .  The P i t o t - s t a t i c  

probe ex tens ion  t u b i n g  was then passed through t h e  c o o l a n t  l i n e  t o  the 

e x t e r i o r  o f  the tunnel .  A spec ia l  f i t t i n g  was used t o  channel o f f  the 

proper  pressures.  F i g u r e  A8 shows a photograph o f  the  p i t o t - s t a t i c  

probe i n s t a l l a t i o n  on the  model. 

4. Summary o f  Probe I n t e r f e r e n c e  E f f e c t s  

E v a l u a t i o n  o f  the  p r o b i n g  data shows t h a t  v a r i o u s  degrees o f  

f l o w  i n t e r f e r e n c e  are  c r e a t e d  by t h e  p r e s e n t a t i o n  o f  d i f f e r e n t  probe 

c o n f i g u r a t i o n s  t o  the f l o w  f i e l d .  

The major  methods o f  probe i n s e r t i o n  were: i n s e r t i o n  p a r a l l e l  

t o  the shear layers  f rom the  e x t e r n a l  f l o w  f i e l d ,  i n s e r t i o n  l o n g i -  

t u d i n a l  through the  wake t h r o a t ,  v e r t i c a l  i n s e r t i o n  f rom t h e  e x t e r n a l  

f l o w  f i e l d ,  l o n g i t u d i n a l  i n s e r t i o n  f rom tf$e base, and i n s e r t i o n  f rom 

the s i d e  w a l l .  

A8 



A summary o f  the e r r o r s  i n  base pressure and assoc ia ted  d i s r u p  

o f  the f l o w  f i e l d  c r e a t e d  by the v a r i o u s  p r o b i n g  c o n f i g u r a t i o n s  i s  

presented i n  F i g u r e  A9. F igure  A10 shows some o f  t h e  p r o b i n g  l o c a t  

I on 

ons. 

I n  general ,  i t  was found t h a t  p rob ings  o f  the  boundary l a y e r  and 

l o n g i t u d i n a l  i n s e r t i o n s  f rom the base o r  through t h e  wake t h r o a t  

r e s u l t e d  i n  n e g l i g i b l e  e r r o r s  i n  base pressure  and minimum d is tu rbance 

o f  the  base f l o w  f i e l d .  The l a r g e s t  e r r o r  occur red  when i n s e r t i n g  

the probe from the  s i a e  w a i i .  

F i g u r e  A 7  shows s c h l i e r e n  photographs o f  the v a r i o u s  probes 

i n s e r t e d  i n t o  the f l o w  f i e l d .  

A9 
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a )  Calibration Set up 
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b) Drawing o f  Tunnel 

FIGURE AI. PROBE CALIBRATION EQUIPMENT 
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F I G U R E  A 3 .  TOTAL TEMPERATURE PROBE 



FIGURE A4. R E C I R C U L A T I O N  ZONE TEMPERATURE RAKE 

FIGURE A5. FOREBODY BOUNDARY LAYER PROBE I N  P O S I T I O N  
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a )  E a r l y  R e c i r c u l a t  on Zone Probe 

cl E a r l y  Shear Layer  Probe 

b )  Improved R e c i r c u l a t i o n  Zone Probe 

d l  L a t e r  Shear L a y e r  Probe 

FIGURE A7. SCHLIEREN FLOW PHOTOGRAPHS WITH VARIOUS PROBES 
INSERTED I N  FLOW FIELD 
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e )  Forebody Boundary Laye r  Probe 

g )  Improved Base Thermal 

Boundary Laye r  Probe 

I 
I 
I 

FIGURE A7.  

f )  E a r l y  Base Thermal 

Boundary Laye r  Probe 

h l  R e c i r c u l a t i o n  Zone Wind Vane 

(CONT'D 1 
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VERTICAL INSERTION FROM EXTERNAL FLOW F I E L D *  

21% - 27% e r r o r  a t  p o s i t i o n  5-6 ,  0 . 1 3 - ; " . f r o m  
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T o  o b t a i n  errors i n  base pressure  c o e f f i c i e n t  c- ,  d i v i d e  - x 1'10 hv K I 
' h" I 

These m e a s u r e n t s  where made w i t h  t h e  
e a r l y  p r o b e  c o n f i g u r a t i o n l s e e  F i g s .  
A 6  and A 7 ) .  Measurements w i t h  t h e  
improved p r o b e  ( F i g s .  A 6  and A? 1 
resulted i n  e r r o r s  o f  t h e  order o f  
3 I. 

( U n d i s t u r b e d  c = -0.1421 

FIGURE A9. SUMARY OF PROBE INTERFERENCE EFFECTS 

DIMENSIONS IN INCHES 

~~=,.112 -1 


